(Formerly MENDELIANA)

December 2023
Volume XXXIV
Issue 2

E-ISNN: 1852-6233

Journal of Basic
& Applied Genetics

Journal of the Argentine Society of Genetics

www.sag.org.ar/jbag
Revista de la Sociedad Argentina de Genética

Buenos Aires, Argentina



DOI: 10.35407/bag.2023.34.02 www.sag.org.ar/jbag



Journal of the
Argentine Society
of Genetics

Journal of Basic
& Applied Genetics

V. XXXIV - No. 2 December 2023

SCIFEA,0 UM

UNIVERSIDAD DE MORON

latinde 2 Clarivate

catélog@ Analytics

BAG - Journal of Basic and
SCImago F LI LACS Applied Genetics
SJ R Journal & Country Literatura Latinoamericana y del
Rank Caribe en Ciencias de la Salud Not yet assigned

quartile

SJR2022
MIAR  RGAD ol

ELSEVIER



Editorial Board
Comité Editorial

Editor General:

Dra. Elsa L. Camadro

Facultad de Ciencias Agrarias, Universidad
Nacional de Mar del Plata. Balcarce, Argentina
bag.editor@sag.org.ar

Editores Asociados:

Citogenética Animal y Citogenética Vegetal

Dra. Liliana Mola

Depto. de Ecologia, Genética y Evolucion,
Facultad de Ciencias Exactas y Naturales,
Universidad Nacional de Buenos Aires,

y Consejo Nacional de Investigaciones
Cientificas y Técnicas. Buenos Aires, Argentina
limola@ege.fcen.uba.ar

Dra. Mariel Schneider

Dep. de Ciéncias Biolégicas, Universidade
Federal de Séo Paulo. SGo Paulo, Brasil
maricb@rc.unesp.br

Citogenética Vegetal

Dr. Julio R. Davifia

Instituto de Biologia Subtropical, Universidad
Nacional de Misiones. Posadas, Argentina
juliordavina@fceqyn.unam.edu.ar

Genética de Poblaciones y Evolucion

Dra. Mariana Pires de Campos Telles
Dep. de Genética, Laboratério de Genética &
Biodiversidade, Escola de Ciéncias Médicas e
Vida, Pontificia Universidade Catoélica de Goids
e Universidade Federal de Goids. Goids, Brasil
tellsmpc@gmail.com

Dra. Maria Isabel Remis

Depto. de Ecologia, Genética y Evolucion,
Facultad de Ciencias Exactas y Naturales,
Universidad de Buenos Aires, y Consejo
Nacional de Investigaciones Cientificas y
Técnicas. Buenos Aires, Argentina
mariar@ege.fcen.uba.ar

Dr. Juan César Vilardi

Depto. de Ecologia, Genética y Evolucion,
Facultad de Ciencias Exactas y Naturales,
Universidad Nacional de Buenos Aires,

y Consejo Nacional de Investigaciones
Cientificas y Técnicas. Buenos Aires, Argentina
vilardi@bg.fcen.uba.ar

Genética Humana, Genética Médica, y
Citogenética

Dra. Maria Inés Echeverria

Instituto de Genética, Facultad de Ciencias
Médicas, Universidad Nacional de Cuyo.

Mendoza, Argentina
miecheve@fcm.uncu.edu.ar

Genética Humana

Dr. Carlos Bacino

Dept. of Molecular and Human Genetics, Baylor
College of Medicine. Texas, USA
cbacino@bcm.edu

Genética Médica

Dr. José Arturo Prada Oliveira

Facultad de Medicing, Departamento de
Anatomia Humana y Embriologia, Universidad
de Cdadiz. Cadiz, Espana

arturo.prada@uca.es

Genética Médica y Molecular

Dr. Bernardo Bertoni Jara

Facultad de Medicing, Universidad de la
Republica. Montevideo, Republica Oriental del
Uruguay

bbertoni@fmed.edu.uy

Dra. Mev Dominguez Valentin

Oslo University Hospital. Oslo, Norway
mev.dominguez.valentin@rr-research.no

Genética Molecular Animal

Dr. Guillermo Giovambattista

Instituto de Genética Veterinaria, Facultad

de Ciencias Veterinarias, Universidad

Nacional de La Plata, y Consejo Nacional de
Investigaciones Cientificas y Técnicas. La Plata,
Argentina

ggiovam@fcv.unip.edu.ar

Genética Molecular Vegetal

Dr. Alberto Acevedo

Centro de Investigacion de Recursos
Naturales, Instituto Nacional de Tecnologia
Agropecuaria. Hurlingham, Argentina
acevedo.alberto@inta.gob.ar

Dr. Andrés Zambelli

Facultad de Ciencias Agrarias, Universidad
Nacional de Mar del Plata, y Consejo Nacional
de Investigaciones Cientificas y Técnicas.
Balcarce, Argentina
andres.zambelli@mdp.edu.ar

Genética y Mejoramiento Animal

Dra. Liliana A. Picardi

Facultad de Ciencias Agrarias, Universidad
Nacional de Rosario. Zavalla, Argentina
Ipicardi@unr.edu.ar

Dra. Maria Inés Oyarzdbal

Facultad de Ciencias Veterinarias, Universidad
Nacional de Rosario. Rosario, Argentina
moyazabr@unr.edu.ar

Dr. Gustavo Rodriguez Reynoso

Universidad Agraria La Moling, y Consejo
Nacional de Ciencia y Tecnologia. Lima, Peru
gustavogr@lamolina.edu.pe

Genética y Mejoramiento Genético Vegetal

Dra. Natalia Bonamico

Facultad de Agronomia y Veterinaria,
Universidad Nacional de Rio Cuarto. Rio
Cuarto, Argentina
nbonamico@ayv.unrc.edu.ar

Dr. Ricardo W. Masuelli

Facultad de Ciencias Agrarias, Universidad
Nacional de Cuyo, y Consejo Nacional de
Investigaciones Cientificas y Técnicas.
Mendoza, Argentina
rmasuelli@fca.uncu.edu.ar

Dr. Rodomiro Ortiz

Dept. of Plant Breeding, Swedish University of
Agricultural Science. Uppsala, Suecia
rodomiro.ortiz@slu.se

Dra. Ménica Poverene

Depto. de Agronomia, Universidad Nacional
del Sur. Bahia Blanca, Argentina
poverene@criba.edu.ar

Dr. Pedro Rimieri

Profesional asociado y asesor cientifico-
técnico. INTA, Pergamino. Buenos Aires,
Argentina

primieri730@gmail.com

Genética de Microorganismos

Dra. Mariel Sanso

Facultad de Ciencias. Veterinarias, Universidad
Nacional del Centro de la Provincia de Buenos
Aires. Tandil, Argentina
msanso@vet.unicen.edu.ar

Mutagénesis

Dr. Alejandro D. Bolzan

Lab. de Citogenética y Mutagénesis, Instituto
Multidisciplinario de Biologia Celular, y Consejo
Nacional de Investigaciones Cientificas y
Técnicas. La Plata, Argentina
abolzan@imbice.gov.ar

Consultor Estadistico

Dr. David Almorza

Facultad de Ciencias del Trabajo, Depto.
de Estadistica e Investigacion Operativa,
Universidad de Cdadiz. Cadiz, Espana
david.almorza@uca.es



Secretaria de Redaccién

Dra. Maria de las Mercedes Echeverria
Facultad de Ciencias Agrarias, Universidad

Nacional de Mar del Plata. Balcarce, Argentina
mecheverria@mdp.edu.ar

Disefio y maquetacion
Lic. Mauro Salerno
maurosalerno92@gmail.com

Correccién de estilo

Dra. Gabriela Leofanti
gabrielaleofanti@gmail.com

Comité de colaboradores

Dra. Maria Mercedes Ibafiez
Facultad de Agronomia y Veterinaria,
Universidad Nacional de Rio Cuarto. Rio Cuarto,

Coérdoba, Argentina
mibanez@ayv.unrc.edu

Dr. Daniel Maizon
Estacion Experimental Agropecuaria “Guillermo

Covas’, Instituto Nacional de Tecnologia
Agropecuaria, y Universidad Nacional de La
Pampa. Anguil, La Pampa, Argentina
maizon.daniel@inta.gob.ar

Dra. Maria Andrea Tomas
Estacion Experimental Agropecuaria Rafaela,

Instituto Nacional de Tecnologia Agropecuaria;
Consejo Nacional de Investigaciones
Cientificas y Técnicas; Universidad Nacional de
Rafaela. Rafaela, Santa Fe, Argentina
tomas.maric@inta.gob.ar

Imagen de tapa:

Meiosis | en macho de Tityus argentinus
(Buthidae, 2n=9 (II+VII). FISH con sondas
de ADNr 28S

Autores: Renzo S. Adilardi y Liliana M. Mola






Contents

Contenidos
ARTICLE 1 ALT-EJ GENERA REARREGLOS CROMOSOMICOS EN RESPUESTA
RESEARCH A ETOPOSIDO EN CELULAS HUMANAS CON LOS PRINCIPALES
9-23 SISTEMAS DE REPARACION DE RUPTURAS DE DOBLE CADENA
- COMPROMETIDOS
ALT-EJ ORIGINATES CHROMOSOMAL REARRANGEMENTS IN
RESPONSE TO ETOPOSIDE IN HUMAN CELLS WITH THE MAIN DNA
DOUBLE-STRAND BREAK REPAIR SYSTEMS COMPROMISED
Kramar J., Palmitelli M., De Campos-Nebel M., Gonzdlez-Cid M.
ARTICLE 2 PRENATALLY DIAGNOSED PARTIAL TRISOMY 3Q22.2->3QTER,
RESEARCH PARTIAL MONOSOMY 11Q25->11QTER AND INTERSTITIAL
25-32 DELETION 10Q25.1-10Q25.2: A CASE REPORT AND REVIEW OF
- LITERATURE
DIAGNOSTICO PRENATAL DE TRISOMIA PARCIAL 3Q22.2->3QTER,
MONOSOMIA PARCIAL 11Q25-TIQTER Y DELECION INTERSTICIAL
10Q25.1-10Q25.2: REPORTE DE UN CASO Y REVISION DE LA
LITERATURA
Della Vedova M.C., Gancia M.D., Mendoza G.V., Barrasa N.F., Bravo R,,
Losada D., Siewert S., Marsa S.M.
QE\I\ 'g((;vLE 3 MICROSOMIA CRANEOFACIAL, UN RECUENTO ACTUALIZADO
33 - 40 CRANEOFACIAL MICROSOMIA, AN UPDATED REVIEW
- Valencia-Pérez A., Quintero-Orozco M.
ARTICLE 4 OMICS: A NEW VISION FOR BREAST CANCER TREATMENT
REVIEW . .
41 49 OMICS: UNA NUEVA VISION DEL TRATAMIENTO DEL CANCER DE
B MAMA
Salvatierra A., Diaz-Baena D., Given O., Ruiz-Serrano E.
ARTICLE 5 HUMAN X-CROMOSOME NON-CODING VARIATION IN LATIN
REVIEW AMERICAN POPULATIONS: A REVIEW
51-65 P
o VARIACION NO CODIFICANTE DEL CROMOSOMA X HUMANO EN
POBLACIONES LATINOAMERICANAS: UNA REVISION
Catanesi C.l., Hohl D.M., Bolzdn A.D.
OBITUARY DRA. LILIANA AMELIA PICARDI
67 - 68

1942-2023


https://www.ncbi.nlm.nih.gov/pubmed/29739404
https://www.ncbi.nlm.nih.gov/pubmed/29739404




Journal of Basic
& Applied Genetics

Journal of the
Argentine Society
of Genetics

Vol XXXIV (2): 9-23; December 2023

ALT-EJ GENERA REARREGLOS CROMOSOMICOS EN RESPUESTA A 3
ETOPOSIDO EN CELULAS HUMANAS CON LOS PRINCIPALES SISTEMAS
DE REPARACION DE RUPTURAS DE DOBLE CADENA COMPROMETIDOS

ALT-EJ ORIGINATES CHROMOSOMAL REARRANGEMENTS IN RESPONSE
TO ETOPOSIDE IN HUMAN CELLS WITH THE MAIN DNA DOUBLE-STRAND
BREAK REPAIR SYSTEMS COMPROMISED

Kramar J.!, Palmitelli M., De Campos-Nebel M.}, Gonzdlez-Cid M."

'Laboratorio de Mutagénesis,
Instituto de Medicina Experimental,
IMEX-CONICET, Academia Nacional
de Medicing, Buenos Aires,
Argentina.

Corresponding author:
Marcela Beatriz Gonzdlez Cid
margoncid@gmail.com

ORCID 0000-0001-9537-0925

Cite this article as:
Kramar J,, Palmitelli M, De

Campos-Nebel M, Gonzdlez-Cid M.

2023. ALT-EJ GENERA REARREGLOS
CROMOSOMICOS EN RESPUESTA A
ETOPOSIDO EN CELULAS HUMANAS
CON LOS PRINCIPALES SISTEMAS
DE REPARACION DE RUPTURAS DE
DOBLE CADENA COMPROMETIDOS.
BAG. Journal of Basic and Applied
Genetics XXXIV (2): 9-23.

Received: 10/18/2022
Accepted: 01/30/2023

Style corrected manuscript
accepted: 05/23/23

General Editor: Elsa Camadro
DOI: 10‘35407/bug‘2023‘34,02,01
ISSN online version: 1852-6233

Available online at
www.sag.org.ar/jbag

ARTICLE 1 - RESEARCH

ABSTRACT

The antitumor drug Etoposide (ETO) induces DNA double-strand breaks (DSB) and is associated with the
development of secondary neoplasms in treated patients. DSB are repaired by two main mechanisms,
homologous recombination (HR) and classical non-homologous end joining (c-NHE]). When HR and
c-NHE] are defective, DSB are repaired by the PARP-1-dependent alternative end-joining (alt-EJ)
pathway. The involvement of alt-E] in the progression of DSB induced by ETO in the G2 phase of human
cells was analyzed. HeLa cells deficient in HR (cohesin RAD21 inhibition, HeLa RAD21kd) and their non-
silencing control (HeLa NS) were established. Cells were treated with ETO in the presence of a chemical
inhibitor of DNA-PKcs (DNA-PKi, c-NHE]). In both cell lines, ETO-induced DSB (yH2AX+) in G2 phase
were increased compared to their controls. The incorrect repair of DSB in DNA-PKcs- and RAD21-deficient
cells caused a synergistic augment in chromatid exchanges and dicentric chromosomes in the first and
second metaphase, respectively. In contrast, the frequency of dicentric chromosomes was reduced in
PARP-1-deficient cells (HeLa PARP-1kd) following ETO treatment. In HeLa RAD21kd binucleated cells,
DNA-PKI/ETO increased the percentage of cells with 220 yH2AX foci in the G1-postmitotic phase and of
micronuclei at 96 h. A greater accumulation in G2/M was observed in HeLa NS treated with DNA-PKi/
ETO compared with HeLa RAD21kd at 8 h. The cell cycle restarted in HeLa NS at 16 h; however, the G2/M
accumulation was maintained in HeLa RAD21kd. Chromosomal rearrangements obtained when DNA-
PKcs and RAD21 were absent and their decrease in HeLa PARP-1kd cells suggest that alt-EJ contributes
to their formation.

Key words: chromosomal aberrations, cell cycle, cohesin, double-strand breaks, DNA repair pathways.

RESUMEN

La droga antitumoral Etopésido (ETO) induce rupturas de doble cadena en el ADN (RDC) y promueve
el desarrollo de neoplasias secundarias en los pacientes tratados. Dos mecanismos principales,
recombinacién homéloga (HR) y reunién de extremos no-homdlogos clasica (c-NHE]) reparan las RDC.
Cuando HR y c-NHEJ son defectuosas, la via alternativa de reunién de extremos (alt-EJ) dependiente
de PARP-1 esta implicada. Se examind la participacién de alt-EJ en la progresion de las RDC inducidas
por ETO en la fase G2 de células humanas. Se establecieron células HeLa deficientes en HR (inhibicién
de cohesina RAD21, HeLa RAD21kd) y su control no-silenciada (HeLa NS). Las células se trataron con
ETO en presencia del inhibidor quimico de DNA-PKcs (DNA-PKi, c-NHEJ). En ambas lineas celulares,
la induccién de RDC (yH2AX+) por ETO en la fase G2 aumentd respecto a sus controles. La reparacion
incorrecta en células deficientes en DNA-PKcs y RAD21 originé un incremento sinérgico de intercambio
de cromatidas y de cromosomas dicéntricos en la primera y segunda metafase, respectivamente. En
cambio, la frecuencia de cromosomas dicéntricos se redujo en células deficientes en PARP-1 (HeLa PARP-
1kd) luego del tratamiento con ETO. En células binucleadas HeLa RAD21kd, DNA-PKi/ETO acrecentd
el porcentaje de células con 220 focos yH2AX en la fase G1-posmitética y de microntcleos a las 96 h.
Una mayor acumulacién en G2/M se observ en HeLa NS tratadas con DNA-PKi/ETO en relacién a HeLa
RAD21kd alas 8 h. El ciclo celular se reanudd en HeLa NS alas 16 h, sin embargo, la acumulacién se mantuvo
en HeLa RAD21kd. Los rearreglos cromosdmicos obtenidos con DNA-PKcs y RAD21 disfuncionales y su
disminucién en células HeLa PARP-1kd, sugieren que alt-EJ contribuye a su formacion.

Palabras clave: aberraciones cromosémicas, ciclo celular, cohesina, rupturas de doble cadena, vias de
reparacion del ADN
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REARREGLOS CROMOSOMICOS INDUCIDOS POR ETOPOSIDO

INTRODUCCION

Las rupturas de doble cadena (RDC) en el ADN son
consideradas lesiones perjudiciales para las células
debidoaquesufaltadereparacionoreparaciénincorrecta
pueden llevar a mutaciones, pérdida de informacion
genética o rearreglos cromosémicos y asi, promover
un proceso tumorigénico (Pierce et al., 2001). El hecho
que las RDC sean lesiones citotdxicas es explotado en el
tratamiento convencional del cancer empleando drogas
quimioterapéuticasinductoras deeste tipo de dafio, como
es el caso de la epipodofilotoxina etopdsido (ETO) (Kopa
et al., 2019). Esta droga actia como veneno de ADN-
topoisomerasa II (Top2), pues convierte a esta enzima
en una potente toxina que fragmenta al genoma en su
presencia (Baldwin y Osheroff, 2005). Las enzimas Top2
resuelven problemas topoldgicos del ADN durante la
replicacién, transcripcion, segregacion y condensacion
cromosdmica catalizando la liberacion de torsiones
sobre el mismo mediante la introduccién de rupturas
transitorias en la doble hélice (McKie et al., 2021). ETO se
caracteriza por estabilizar los complejos entre el ADN y
Top2, conocidos como complejos de clivaje, previniendo
la religacion de los extremos rotos y conduciendo a la
formacioén de RDC persistentes (Montecucco et al., 2015).

Los mecanismos de reparacion de las RDC en
células humanas son generalmente agrupados en tres
categorias, dependiendo del uso o no de una secuencia
de ADN como templado (Ranjha et al., 2018; Scully et
al., 2019; Vitor et al., 2020): la via de recombinacion
homologa (homologous recombination, HR), la via clasica
de reunion de extremos no homoélogos (classical non-
homologous end joining, c-NHE]) y la via alternativa de
reunién de extremos (alternative end-joining, alt-EJ). HR
actda en forma lenta, y es un mecanismo preciso debido
a que utiliza una molécula de ADN sin dafio, la cromatida
hermana, como templado para restituir la informacién
original. En el proceso de reparaciéon mediante c-NHE]J
se produce la ligacion de los extremos rotos del ADN sin
necesidad de una secuencia homdloga. La caracteristica
mas destacada de esta via es la velocidad con la cual
funciona suprimiendo en gran medida, la formacién de
translocaciones cromosdmicas; no obstante, pueden
surgir alteraciones en la secuencia del ADN en los sitios
de unién. En el caso de alt-EJ, la via opera con velocidad
y fidelidad marcadamente mas bajas que c-NHE],
provocando translocaciones cromos6émicas con mayor
frecuenciay generando, en el sitio de unién, alteraciones
mas extensas en la secuencia del ADN. Un subgrupo de
alt-EJ emplea secuencias de microhomologia a cada
lado de la RDC para usar como templado, luego estas
secuencias son removidas y se produce la sintesis del
ADN y la unién de los extremos rotos (Wang y Xu, 2017).

La contribucion relativa de estas vias depende de la
fase del ciclo celular donde se haya producido la RDC.
Mientras que HR actia durante las fases S tardia y G2

donde se realiza la sintesis del ADN y se dispone de una
cromatida hermana como templado, la via c-NHE] opera
a lo largo del ciclo celular, actuando principalmente
en las fases Go/G1 y G2. Por ultimo, alt-E] permanece
activa a lo largo del ciclo celular, mostrando un marcado
aumento durante la fase G2 (Mladenov et al., 2016).

La regulacion de la via HR estd limitada por el
complejo multiproteico cohesina (Watrin y Peters,
2006). En organismos multicelulares, este complejo
estd compuesto por RAD21, las subunidades del
mantenimiento estructural de los cromosomas SMC1
y SMC3, STAG1 (SA1) y STAG2 (SA2) (Peters et al,
2008). Luego de la formacion de una RDC, la cohesina
se acumula sobre la cromatina rodeando el sitio de la
ruptura para una eficiente reparacion (Watrin y Peters,
2006). La estabilizacion de la cohesina en las RDC
depende de la subunidad RAD21 (Heidinger-Pauli et
al., 2009). La proteina RAD21 (llamada también MCD1 o
SCC1) esta involucrada en la cohesion de las cromatidas
hermanas desde la replicaciéon del ADN en la fase S
hasta la segregaciéon apropiada de los cromosomas
durante mitosis y se conserva evolutivamente desde
las levaduras hasta los seres humanos. La expresion del
ARNm de RAD21 esta regulada durante el ciclo celular,
aumentando en la fase S y alcanzando su maxima
expresion en G2 (Cheng et al., 2020). Ademas de ser
requerida para el proceso de HR, RAD21 participa en el
punto de control (checkpoint) G2/M en respuesta al dafio
inducido en el ADN (Litwin et al., 2018).

La proteina quinasa dependiente de ADN (DNA-PK)
participa en la reparacién de las RDC a través de c-NHE]
y consiste de una subunidad catalitica (DNA-PKcs) y
de un heterodimero compuesto por las subunidades
KU70/KU80 (Mohiuddin y Kang, 2019). La formacion
de este complejo quinasa activo causa la fosforilacion
de proteinas implicadas en esta via, como asi también
la autofosforilacion de DNA-PKcs. Ambos procesos
influyen en la estabilizacion de la union entre DNA-PKcs
y los extremos del ADN.

Por ultimo, la via alt-EJ depende de la polimerasa
poli-(ADP-ribosa)-1, PARP-1, la cual tiene afinidad
por unirse a los extremos de ADN, alterar la estructura
de la cromatina y atraer proteinas de reparacion al
sitio de dafio (De Vos et al., 2012). Esta via contribuye
escasamente en la reparacion de las RDC en células
normales (no malignas), sin embargo, existe un interés
creciente en esta via porque genera reordenamientos
gendémicos que son caracteristicos de las células
tumorales (Sallmyr y Tomkinson, 2018). En base a esto,
se sugiere que alt-EJ no es una via de reparacion de las
RDC funcionalmente optimizada y especifica, sino un
intento de Gltimo recurso de la célula para eliminar los
extremos de ADN desprotegidos empleando actividades
enzimaticas preexistentes cuando los dos mecanismos
principales estan afectados (Iliakis et al., 2015). Asi, en
un comienzo se estableci6é que alt-EJ funcionaba como
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respaldo (backup) de c-NHE]; sin embargo, estudios
posteriores demostraron que este mecanismo puede
también participar en la reparacion de las RDC cuando la
via HR no esta presente (Ceccaldi et al., 2016).

En presencia del ADN dafiado, los puntos de control
evitan la progresion del ciclo celular, dando tiempo
para que la reparacién ocurra y se eviten alteraciones
cromosémicas capaces de manifestarse en las
generaciones posteriores; y en el caso de la existencia
de lesiones irreparables, se estimule la muerte celular.
Los defectos en los puntos de control aumentan la
inestabilidad gendmica y contribuyen al desarrollo
tumoral (Visconti et al., 2016).

Nuestro objetivo fue analizar la participacion de la via
alt-EJ y del punto de control G2/M en la progresion del
dafio en el ADN de células humanas tratadas con ETO
en la fase G2 del ciclo celular, y establecer la posible
contribucion de alt-EJ en la induccién de rearreglos
cromosdémicos tipicos de las neoplasias secundarias
asociadas al tratamiento con venenos de Top2.

MATERIALES Y METODOS
Agentes quimicos

ETO (Sigma-Aldrich), NU7026 (Calbiochem), inhibidor
de DNA-PKcs (DNA-PKi) y citocalasina B (Calbiochem)
se disolvieron en dimetilsulf6xido (DMSO). Puromicina
(Sigma-Aldrich) se disolvié en agua bidestilada.

Cultivos celulares y silenciamiento génico de RAD21 y
PARP-1

Células humanas HelLa (carcinoma cérvico-uterino) se
cultivaron en medio completo conteniendo RPMI 1640
con 10% de suero fetal bovino, 2 mM de L-glutamina
y antibiéticos (100 U/ml de penicilina y 100 ug/ml de
estreptomicina). Los cultivos se mantuvieron a 37°
C en una atmoésfera hiimeda con 5% CO,. Las células
se transfectaron con el plasmido pGIPZ conteniendo
el shRNAmir (microRNA-adapted short hairpin RNA)
especifico contra el ARNm de los genes humanos
RAD21 (Open Biosystems, clone id: V2LMM_16122) o
PARP-1 (Open Biosystems, clone id: V2LHS_ 201984)
para realizar su silenciamiento (knock-down). Se
generaron las lineas HeLa RAD21kd y HelLa PARP-
1kd, v como control negativo se utilizd un plasmido
pGIPZ codificando una secuencia No-Silenciante (Open
Biosystems, #RHS4346, HeLa NS). Las transfecciones
se realizaron usando Lipofectamina 2000 (Invitrogen)
de acuerdo a las instrucciones del fabricante. A las
48 h, las células se crecieron en medio completo en
presencia de puromicina 1 pg/ml, con renovacion de este
medio cada tres dias. El proceso de seleccion se realizd
durante 3-4 semanas y se establecieron clones. El nivel
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de silenciamiento de estos clones se evalué mediante la
retrotranscripcion asociada a la reaccién en cadena de la
polimerasa en tiempo real (qRT-PCR).

Técnica qRT-PCR

Se extrajo el ARN de las células HeLa deficientes en
RAD21 o en PARP-1y de las células HeLa NS con el
reactivo TRIReagent (Molecular Reagent Center) y se
determiné su concentracion por espectrofotometria.
El ARN total (1 g/reaccién) se retrotranscribié usando
cebadores (primers) al azar (Biodynamics) y la enzima
M-MLV (Promega). El analisis de PCR en tiempo real se
realiz6 con “Mezcla Real” (Biodynamics) y la reaccion
se llevd a cabo en un termociclador CFX Connect
(BioRad). Los primers para amplificar los genes humanos

RAD21 (FW: 5’-GGATAAGAAGCTAACCAAAGCCC-3’,
RV: 5’-CTCCCAGTAAGAGATGTCCTGAT-3’),
PARP-1 (FW: 5’-CGGAGTCTTCGGATAAGCTCT-3’,
RV: 5’ -TTTCCATCAAACATGGGCGAC-3")
y B-2-Microglobulina (B2M) (FW:
5’-AAGATGAGTATGCCTGCCGTGTGA-3’, RV:

5’-ACCTCTAAGTTGCCAGCCCTCCTA-3’) se adquirieron
en Genbiotech, siendo B2M el gen usado como referencia.
Los porcentajes de reduccion de los ARNm de RAD21y de
PARP-1 se estimaron en relacion a la expresion relativa
con B2M de acuerdo al método de Pfaffl (2004) en dos
experimentos independientes.

Intercambio de Cromdtidas Hermanas (ICH) en células
metafdsicas

Las células HeLa NS y HeLa RAD21kd se sembraron en
placas de 60 mm y se cultivaron en medio completo en
presencia de 10 pg/ml de la base analoga de timidina,
bromodeoxiuridina (BrdU). A las 40 h (dos ciclos de
replicacion), las células se expusieron a Colcemid 0,1 pg/
ml durante los Gltimos 90 min de cultivo, luego se realiz6
la hipotonia con una solucién de KCl 0,075 My se fijaron
en metanol: acido acético glacial (3:1) para la obtencién
de metafases. Los extendidos cromosémicos se dejaron
envejecer por lo menos durante una semana. Luego se
colocaron en una solucién de Hoechst 33258 1 pg/ml en
agua destilada por 15 min en oscuridad, se activaron por
exposicion a la luz solar por 3-4 h y se incubaron en 2X
SSC en baifio a 56° C por 1 h. Finalmente, se colorearon
con Giemsa 10% en buffer Sorensen durante 4 min. Se
contaron los ICH/cromosoma en 25 metafases en dos
experimentos independientes.

Ensayo clonogénico

Células HeLa NS y HelLa RAD21kd (8x102/placa)
se sembraron en placas de 60 mm y trataron con
concentraciones crecientes de ETO (0,05; 0,1; 0,5y 1 ug/



REARREGLOS CROMOSOMICOS INDUCIDOS POR ETOPOSIDO

ml) durante 16 h. Las células se lavaron con solucién
de buffer fosfato (PBS) y se cultivaron en medio
completo por 14 dias. Luego, las células se fijaron con
metanol 100% y se colorearon con violeta de cristal
1%. Se contaron las colonias conteniendo >50 células
y la eficiencia de plaqueo se determiné como (nimero
de colonias contadas/numero de células sembradas) x
100, en los cultivos control sin tratamiento. La fraccion
de sobrevida se estimé como la relacion de colonias en
cultivos tratados en relacién con los cultivos controles
y se expres6 en porcentaje. Se realizaron tres-cuatro
experimentos independientes.

Determinacion de la concentracion de ETO a ser utilizada
mediante la evaluacion de la progresion del ciclo celular

Células HeLa NS y HeLa RAD21kd se sembraron en
placas de seis pocillos y se trataron con concentraciones
crecientes de ETO (1; 2; 5 y 10 pg/ml) durante 2 h. Las
células control se expusieron a DMSO 0,5% durante 2 h.
Las células se lavaron con PBS, se cultivaron en medio
completo durante 24 h y se cosecharon las células unidas
al sustrato y aquellas presentes en el medio completo.
Luego se fijaron en metanol 90% a -20° C durante al
menos 2 h. Se lavaron en PBS y se resuspendieron en
300 pl de PBS conteniendo 3 pl de RNAsa A (libre de
DNAsas, 200 ng/ml) y 8 ul de Ioduro de Propidio (IP, 10
pg/ml) durante un minimo de 20 min en oscuridad, a
temperatura ambiente. La adquisicion de 20.000 células
por concentracion se realizé mediante un citémetro
de flujo FACSCalibur (Becton-Dickinson). El analisis
del ciclo celular se realizd utilizando el software FSC
Expresss. Se determind el porcentaje de células presentes
en la fase G2/M en tres experimentos independientes.

Deteccion de RDC (yH2AX) inducidas por ETO en la fase G2

Células HeLa NSy HeLa RAD21kd se sembraron en placas
de35mmysetrataroncon DMS0O0,5% o conETO 2 pg/ml.
Alas 2 h se recogi6 el medio completo y se tripsinizaron
y cosecharon las células. Luego de la centrifugacion, las
células se lavaron con PBS y se fijaron en metanol 90%
a -20° C durante al menos 2 h. Las células se marcaron
con el anticuerpo primario anti-yH2AX (1:200, Millipore
clone JBW301) seguido con el anticuerpo secundario
conjugado con Alexa Fluor 488 (1:250). Luego se trataron
con RNAsa A e IP. La adquisicién de 20.000 células por
tratamiento se realiz6 mediante el citometro de flujo
FACSCalibur usando el software Cell Quest. Se determind
el porcentaje de células yH2AX+ en la fase G2 en cuatro
experimentos independientes.

Aberraciones cromosomicas estructurales

Células HeLa NS y HeLa RAD21kd se sembraron en placas
de 60 mm y se trataron con DMSO 0,5% durante 2 h, con

el inhibidor de DNA-PKcs (DNA-PKi) NU7026 10 uM,
durante todo el tiempo de cultivo, con ETO 2 pg/ml por 1
h, o una combinacién de ambas drogas (pretratamiento
con DNA-PKi durante 1 h, tratamiento con ETO durante
1 h y tratamiento con DNA-PKi durante el resto del
tiempo de cultivo). Las células permanecieron en medio
completo hasta alcanzar la primera (5-6 h) o la segunda
(28 h) metafase postratamiento. A su vez, las células
HeLa PARP-1kd se trataron con DMSO 0,5% durante 2
h o con ETO 2 png/ml por 1 h y se mantuvieron en medio
completo hasta la segunda metafase. Las células HeLa
NS, RAD21kd y PARP-1kd se sometieron al procesado
citogenético  convencional:  Colcemid, solucion
hipoténica con KCl 0,075 M, fijaciobn en metanol:
acido acético glacial (3:1) y coloraciéon con Giemsa 10%
durante 4 min. Se evalud la presencia de aberraciones
cromosomicas de tipo cromatidico o cromosémico en
un minimo de 50 metafases por tratamiento. Ademas,
a las 28 h postratamiento, se analiz6 el indice mitético
(IM) contando el nimero de metafases en 1.000 nucleos
interfasicos y se expresd en porcentajes. El analisis
se realizd6 mediante microscopio Optico en dos-cinco
experimentos independientes.

Anadlisis del ciclo celular

Células HeLa NS y HeLa RAD21kd se sembraron en
placas de 35 mm y se trataron con DMSO 0,5% durante
2 h, con DNA-PKi durante todo el tiempo de cultivo, con
ETO 2 ng/ml por 1 h o una combinacién DNA-PKi/ETO
(pretratamiento con NU7026 durante 1 h, tratamiento
con ETO durante 1 h y tratamiento con NU7026 durante
el resto del tiempo de cultivo). Las células se dejaron
en medio completo durante 8 y 16 h postratamiento. Se
sigui6 el procedimiento descripto en Determinacion de
la concentracion de ETO a ser utilizada. Las fases del ciclo
celular se analizaron mediante el software FSC Express
en cuatro experimentos independientes.

Focos de yH2AX en los niicleos de células binucleadas

Células HeLa NS y HeLa RAD21kd se sembraron sobre
cubreobjetos en placas de 35 mm y se trataron con
DMSO, DNA-PKi, ETO o una combinaciéon de DNA-PKi/
ETO vy se mantuvieron en medio completo durante 10-11
h. Se agrego citocalasina B 3 ng/ml durante las Gltimas
4 h de cultivo. Las células se expusieron a la solucion
hipoténica KCI 0,075 M durante 8 min, se fijaron con
paraformaldehido (PFA) 2% y se permeabilizaron con
Triton X-100 0,25%. Se realiz6 la marcacion usando el
anticuerpo primario anti-yH2AX (1:200) y el anticuerpo
secundario conjugado con Alexa Fluor 594 (1:300). El
ADN se colore6 con DAPI (4,6-diamidino-2-fenilindol)
y los cubreobjetos se colocaron sobre portaobjetos. En
estos preparados se contaron los ndcleos interfasicos que
contenian 220 focos yH2AX en 500 células binucleadas
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(BN) por tratamiento. Ademas, se evalud el porcentaje
de células BN en 1.000 células por tratamiento. Se
realizaron dos-cuatro experimentos independientes.

Microntcleos en células binucleadas en combinacion con
yH2AX

Células HeLaNSyHeLa RAD21kd se sembrarony trataron
segun lo descrito en el punto anterior, manteniéndose en
medio completo durante 96 h. Se adiciond citocalasina
B 3 ng/ml durante las dltimas 12 h de cultivo y las
células se expusieron a solucién hipotdnica, fijacion
con PFA y permeabilizacion con Triton X-100. La
inmunomarcacion se efectud usando el anti-yH2AX y el
anticuerpo secundario conjugado con Alexa Fluor 594.
El ADN se colored con DAPI. Los microntcleos (MN) y la
presencia o no de focos yH2AX en los MN se contaron en
400 células BN por tratamiento. Se realizaron dos-tres
experimentos independientes.

Andlisis estadistico

Los datos se presentaron como media + error estandar
de la media y el andlisis estadistico se realiz6 mediante
el test t de Student para evaluar la significancia entre los
tratamientos en las lineas celulares empleadas usando
el software GraphPad Prism 8.0 (GraphPad Software
Inc., USA). La relacién lineal dosis-respuesta se analizd
mediante el coeficiente de correlacion de Pearson
(Primer of Biostatistics, Stanton A. Glanty, by McGraw-
Hill, Inc, version 3.0, 1992). La significancia estadistica
se considerd cuando p<0,05.

RESULTADOS

Elnivel de expresion del gen RAD21 en las lineas celulares
generadas se evalu6 mediante qRT-PCR (Figura 1a).
Los porcentajes de expresion en las lineas celulares
silenciadas fueron: HeLa shRAD21#1= 32,2+5,8%;
HeLa shRAD21#2= 38,4%9,3% y HeLa shRAD21#3=
54,2+5,4% en relacion a la linea control HeLa NS
(100%). No existieron diferencias estadisticamente
significativas en los niveles de expresion de RAD21 entre
los clones generados. Se decidié utilizar como modelo
experimental las células del clon HeLa shRAD21#1, a
partir de ahora llamadas células HeLa RAD21kd, por
presentar el nivel de expresion mas bajo.

En primer lugar, se caracterizaron las células HeLa
RAD21kd generadas. La subunidad del complejo cohesina
RAD21 mantiene las cromatidas hermanas unidas en el
sitio de las RDC para permitir la reparacién mediante HR
y esta via estd asociada a la presencia de ICH en células
de vertebrados. Por lo tanto, se examind la frecuencia
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espontanea de ICH/cromosoma en las células HeLa
RAD21kd (Figura 1b). Los resultados mostraron valores
menores en las células deficientes en RAD21 que aquellos
obtenidos en las células proficientes HeLa NS (0,09+0,01
vS. 0,13+0,01, p=0,0001).

Paradeterminar lasensibilidad delalinea celular HeLa
RAD21kd, las células se expusieron a concentraciones
crecientes de ETO durante 16 h (Figura 1c) y se evalud
la formacion de colonias sobrevivientes a los 14 dias.
La eficiencia de plaqueo en células controles sin tratar
se usé para normalizar el nimero de colonias en HeLa
NSy RAD21kd. La eficiencia fue de 81,4+3,2% para HeLa
NS y de 68,6+2,9% para HeLa RAD21kd. Ambas lineas
celulares mostraron unarelacién lineal entre las colonias
formadas y las concentraciones utilizadas de ETO
(HeLa NS r= 0,986, p=0,002 y HeLa RAD21kd r=0,903,
p=0,036). Las células HeLa RAD21kd presentaron una
mayor sensibilidad a ETO a partir de 0,05 pg/ml (p<0,02).

Luego se estableci6 la concentracién de ETO a ser
utilizada en los siguientes experimentos mediante el
analisis de la progresion del ciclo celular. Las células
HeLa NS y HeLa RAD21kd se expusieron a ETO desde
1 a 10 pg/ml durante 2 h y se determiné el porcentaje
de células en la fase G2/M a las 24 h (Figura 1d). Los
datos obtenidos indicaron una mayor acumulacién de
células en la fase G2/M a medida que la concentracion
de ETO aumentaba (HeLa NS r= 0,993, p=0,0001y HeLa
RAD21kd r=0,980, p=0,003). El arresto en G2/M con ETO
2 png/ml fue de 24,4+3,2% para HeLa NS y de 31,0+4,4%
para HeLa RAD21kd, sin existir diferencias significativas
entre ambos valores. A partir de esta concentracion, el
porcentaje de células arrestadas en G2/M fue del 50%
para ETO 5 pg/ml y superior al 65% para ETO 10 pg/ml
en las dos lineas celulares, produciendo una importante
acumulacion en esta fase. En base a estos resultados, se
eligio la concentracién subtdxica de 2 pg/ml.

Por ltimo, se analiz6 la formacién de RDC mediante
el biomarcador yH2AX en la fase G2 de las células Hela NS
y RAD21kd (Figura 1e). La induccién de yH2AX es uno de
los primeros eventos detectados en las células luego de
la exposicion a agentes que dafian al ADN. El porcentaje
de células HeLa NS yH2AX+ tratadas con ETO fue de
88,2+2,0% y en las células HeLa RAD21kd de 92,2+1,9%
enrelacion alos controles tratados con DMSO, 13,0+1,5%
V14,7+3,3%, respectivamente (p=0,0001). Este resultado
permitio establecer que la induccién de RDC por ETO en
la fase G2 fue similar en ambas lineas celulares.

Los estudios se realizaron tratando las células en la
fase G2 debido a que en esta fase la isoforma a de Top2,
blanco especifico de ETO, alcanza su maxima expresion
(Chen et al., 2015) y los mecanismos de reparacion
c-NHE], alt-EJ y HR se encuentran todos funcionales en
dicha fase (Mladenov et al., 2016).

A partir de la eleccién de la concentracion a utilizar,
ETO 2 ng/ml, el disefio experimental fue el siguiente:
las células HeLa NS y HeLa RAD21kd en crecimiento
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Figura 1. Caracterizacion de la linea tumoral humana Hela deficiente en RAD21.

a. Porcentaje de expresion de RAD21 en los clones celulares deficientes, HeLa RAD21kd, en relacion al control negativo, células Hela NS
(No-Silenciadas); b. Nimero de intercambios de cromatidas hermanas (ICH) por cromosoma, *p=0,0001; c. Porcentaje de colonias
sobrevivientes de células Hela RAD2lkd y HelLa NS tratadas con concentraciones crecientes de ETO (0,05;0; 05 yl pg/ml) durante 16 h,
*p<0,02; d. Porcentaje de células Hela RAD2Ikd y Hela NS acumuladas en el punto de control G2/M luego del tratamiento con ETO 1; 2; 5y
10 pg/ml durante 2 h; e. Induccién de rupturas de doble cadena (yH2AX+) en la fase G2 de células RAD21kd y Hela NS tratadas con DMSO

0,5% o con ETO 2 pg/ml, durante 2 h, *p=0,0001.

exponencial, se trataron con DMSO 0,5% por 2 h, o con
DNA-PKi 10 pM durante todo el tiempo de cultivo, o con
ETO 2 pg/ml por 1 h o con una combinacién de ambas
drogas, es decir, un pretratamiento con DNA-PKi por
1 h, luego un tratamiento con ETO 2 pg/ml por 1 h, y a
continuacién de dos lavados con PBS, un tratamiento con
DNA-PKi durante el resto del tiempo de cultivo (DNA-
PKi/ETO). Se analizaron las aberraciones cromosdmicas

(AC) en la primera (a las 5-6 h) y en la segunda (a las 28
h) metafase, la presencia de focos yH2AX en la fase G1
posmitoética (a las 10-11 h) y en los MN (a las 96 h) de
células BN. Ademas, se evaluo el ciclo celular a las 8 y 16
h (Figuras 2-6).

Las RDC en el ADN cuando permanecen sin reparar
o son mal reparadas, son lesiones decisivas para la
formacién de AC (Obe y Durante, 2010). La Figura 2
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Figura 2. Frecuencia de aberraciones cromosémicas estructurales en la primera metafase (5-6

h) luego de los diferentes tratamientos.

a. Rupturas cromatidicas/célula; b. Intercambios de cromdtidas/célula. *p=0,0001.

muestra las AC estructurales en las células HeLa NS y
HeLa RAD21kd tratadas con DNA-PKi, con ETO o con la
combinacién de ambas drogas en la fase G2 y analizadas
en la primera metafase, a las 5-6 h posteriores a los
tratamientos.

En las células HeLa NS tratadas con DNA-PKi/ETO
se observd una frecuencia de rupturas cromatidicas/
célula de 0,24+0,02 y en las células deficientes en RAD21
tratadas con ETO de 0,24+0,04 (Figura 2a). Las células
HeLa RAD21kd expuestas a DNA-PKi/ETO mostraron
una frecuencia de 0,55+0,06 (p=0,0001). Cuando se
evaluaron las figuras de intercambio de cromatidas/
célula, se observé un fenémeno similar (Figura 2b).
Las células HeLa NS tratadas con la combinacién de
ambas drogas y las células HeLa RAD21kd tratadas
con ETO mostraron una frecuencia de 0,20+0,03. En
el caso del tratamiento con DNA-PKi/ETO, las células
HeLa RAD21kd exhibieron una frecuencia de figuras de
intercambio de cromatidas de 0,65+0,09 (p=0,0001).Los
resultados obtenidos indicaron quela faltay/oincorrecta
reparacion de las RDC originaron un aumento sinérgico
de rupturas e intercambios de cromatidas frente a ETO
en un contexto deficiente en c-NHE]J, por inhibicién
quimica de DNA-PKcs y de HR por la deficiencia de
RAD21, en comparacion ala falta de cada factor en forma
individual.

Con el propdsito de analizar la progresion del dafio ala
fase G1 posmitética, se examind la presencia de nicleos
con 220 focos yH2AX en células BN a las 10-11 h (Figura
3). Este estudio se limit6 a las células BN que llegaron
a la fase G1 resultado del bloqueo de la citocinesis con
citocalasina B. Ademas, el analisis se apoyé en estudios
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previos de Deckbar et al. (2007), donde fibroblastos
humanos irradiados entraban en mitosis sin ser
arrestados en el punto de control G2/M, cuando adn
tenian hasta ~20 focos yH2AX.

En HeLa RAD21Kkd, el porcentaje de células BN con 220
focos fue ~20% en los controles tratados con DMSO o
con DNA-PKIi. En HeLa NS no se encontraron células con
este nimero de focos. Los tratamientos con ETO y con
DNA-PKIi/ETO incrementaron los porcentajes de células
BN con 220 focos yH2AX, siendo este aumento de 5,4 y
3,8 veces en las células HeLa RAD21kd en comparacion
con las células HeLa NS, respectivamente (Figura 3a). Sin
embargo, en ambas lineas celulares estos tratamientos
disminuyeron en forma similar el porcentaje de células
BN (Figura 3b).

Los porcentajes observados en las células BN de
HeLa NS y HeLa RAD21kd reflejaron una acumulacion
similar en la fase G2/M a las 8 h. En HeLa NS, luego
del tratamiento con ETO fue de 54,8t2,4% y en
HeLa RAD21kd, de 52,0+2,9% mientras que, con la
combinacién DNA-PKi/ETO fue de 60,0+3,0% en HelLa
NS y de 59,3+4,7% en HeLa RAD21kd (Figuras 4ay 4b).
Sin embargo, el analisis de la proporcién de células en
G2/M entre aquellas tratadas con DNA-PKi, ETO o DNA-
PKi/ETO y sus controles tratados con DMSO, mostrd
que esa proporcion fue de 3,9-4,3 en HeLa NS y, en las
células HeLa RAD21kd fue de ~2,1 luego de ETO y DNA-
PKi/ETO. El tratamiento con DNA-PKi en HeLa NS fue de
1,2y en HeLa RAD21kd fue de 0,95, en relacion al control
tratado con DMSO.

Por lo tanto, la inhibicién quimica de DNA-PKcs y la
deficiencia de RAD21 originaron un aumento de AC de
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Figura 3. Progresion de las rupturas de doble cadena (yH2AX) a la fase Gl posmitética (10-11 h)

luego de los diferentes tratamientos.

a. Porcentaje de células binucleadas con 220 focos yH2AX en Hela RAD21kd y Hela NS, *p=0,001, **p=0,0007; b.
Porcentaje de células binucleadas en HelLa RAD2lkd y Hela NS.

tipo cromatidico en la primera metafase y de células
BN con RDC (focos yH2AX) persistentes en la fase G1
posmitoética luego del tratamiento con ETO. En cambio,
la proporcion de células acumuladas en G2/M fue mayor
en HeLa NS en comparacién con HeLa RAD21kd a las 8 h.

Alas16h, el porcentaje decélulasen G2/Mfuede ~36%,
tanto en las células HeLa NS tratadas con DNA-PKi/ETO
como en las células HeLa RAD21kd tratadas con ETO,
evidenciando un ingreso al ciclo celular al compararlas
con los porcentajes obtenidos a las 8 h (Figura 4c y 4d).
A pesar de ello, en HeLa NS, la proporcion de células en
G2/M entre las tratadas con DNA-PKi/ETOy las tratadas
con DMSO fue de 1,6, mientras que en las células HeLa
RAD21kd esa proporcion fue similar al obtenido a las
8 h (2,2) entre las células tratadas con ETO y aquellas
tratadas con DMSO. A su vez, cuando las células HeLa
RAD21kd se expusieron a la combinacién DNA-PKi/ETO,
se observd una acumulacion celular en la fase G2/M de
53,3+2,5% (Figura 4d). En consecuencia, la deficiencia
de c-NHE] y HR produjo un arresto en G2/M que iniciado
alas 8 h se mantuvo a las 16 h luego del tratamiento con
ETO.

En las metafases de la segunda division a las 28 h,
las rupturas cromatidicas y cromosémicas/célula,
esencialmente fragmentos acéntricos, evidenciaron un
aumento aditivo, siendo en las células HeLa RAD21kd
tratadas con la combinacién DNA-PKi/ETO de 3,3+0,2
(p=0,0001), en células HeLa NS con el mismo tratamiento
de 1,8+0,2 y en HeLa RAD21kd tratadas con ETO de
1,3+0,2 (Figura5a). Cuando se evaluaron los cromosomas
dicéntricos/célula en HeLa NS en presencia de DNA-PKi/

ETO y en HeLa RAD21kd expuestas a ETO, el valor fue de
~0,6 (Figura 5b). Con el tratamiento combinado (DNA-
PKi/ETO) las células HeLa RAD21kd mostraron una
frecuencia de 1,90+0,13 (p=0,0001). Ante la ausencia de
las vias principales c-NHE]J y HR se produjo un aumento
sinérgico de los cromosomas dicéntricos en relacion a la
frecuencia hallada por la falta individual de actividad de
cada proteina, DNA-PKcs y RAD21.

Como se describié previamente, cuando c-NHE]J y
HR no son funcionales, las RDC se reparan por una via
alternativa dependiente de la proteina PARP-1, alt-EJ,
la cual origina rearreglos cromosdmicos. En base a los
resultados obtenidos y para confirmar la participacion
de alt-EJ en las AC inducidas por ETO, se analizaron
las rupturas cromatidicas y cromosémicas y los
cromosomas dicéntricos en células deficientes en PARP-
1alas 28 h (Figuras 5c y 5d).

Con este propdsito, se generd la linea deficiente en
PARP-1ysedetermind el nivel de expresiéon del ARNm del
gen PARP-1 mediante la técnica qRT-PCR. La expresion
fue de 7,7+4,0% en relacion a la linea control HeLa NS
(100%) y se obtuvo la linea celular HeLa PARP-1kd. En
estas células, la frecuencia de rupturas cromatidicas
y cromosomicas/célula fue de 0,45+0,06 luego del
tratamiento con ETO; mientras que en las células HeLa
RAD21kd tratadas con DNA-PKi/ETO fue de 3,3+0,2
(p=0,0001).Enel caso decromosomasdicéntricos/célula,
en las células HeLa PARP-1kd tratadas con ETO fue de
0,26+0,05 y en las células HeLa RAD21kd tratadas con
DNA-PKi/ETO de 1,90+0,13 (p=0,0001).El incremento de
las AC observado frente ala falta de las vias de reparacion
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Figura 4. Distribucion de las poblaciones celulares en las fases G1, Sy G2/Malas 8 h (ayb)y a

las 16 h (c y d) luego de los diferentes tratamientos.

*p=0,005, porcentaje de células en la fase G2/M entre ETO vs. DNA-PKi/ETO.

c-NHE] y HR y su disminucion en células deficientes
en PARP-1, evidenciaron la contribucién de alt-EJ
en la formacion de estas alteraciones cromosdmicas
obtenidas.

Ademas, se analizd el IM en las células HeLa NS,
HeLa RAD21kd y HeLa PARP-1kd a las 28 h luego de
los tratamientos (Figuras 5e y 5f). Los IM de las células
HeLa NS tratadas con DMSO o con el inhibidor de DNA-
PKcs fueron mas altos que los observados en las células
HeLa RAD21kd (p<0,05). Mientras que en HeLa NS, el
tratamiento con DNA-PKi/ETO provocé una reduccion
significativa del IM en comparacion con el valor obtenido
con ETO (p=0,0001), estos tratamientos no causaron
cambios notorios en el IM de las células HeLa RAD21kd
(Figura 5e).

A su vez, como se muestra en la Figura 5f, los IM
obtenidos en las células HeLa PARP-1kd expuestas a
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DMSOoaETOnomostrarondiferenciasestadisticamente
significativas. Por lo tanto, la disminucién de las AC en
las células HeLa PARP-1kd no se debi6 a un descenso del
ntimero de metafases analizables.

Con el fin de evaluar la inestabilidad cromosémica
originada por la participacién de alt-EJ en la reparacion
de las RDC inducidas por ETO, se analizaron los MN
presentes en células BN a las 96 h (a largo plazo). Los
MN son cuerpos citoplasmaticos de naturaleza nuclear,
que no son incorporados correctamente a las células
hijas durante la division celular y surgen como resultado
de un dafio directo sobre el ADN (fragmentos acéntricos,
clastogenicidad) o por el retraso de cromosomas enteros
durante la segregacion (aneugenicidad) (Chondrou et al.,
2018). La combinacién del ensayo de MN con la deteccion
de focos yH2AX en ellos, permite discriminar su origen:
los agentes clastogénicos producen MN que contienen
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Figura 5. Aberraciones cromosémicas estructurales e indice mitético en las células HeLa RAD21kd, HelLa PARP-Tkd y
Hela NS en la segunda metafase (28 ) luego de los diferentes tratamientos.

a. Rupturas cromatidicas y cromosémicas/célula en células Hela NS y Hela RAD21kd; b. Cromosomas dicéntricos/célula en células Hela NS
y Hela RAD21kd, *p=0,0001; c. Rupturas cromatidicas y cromosémicas/célula en células Hela PARP-1kd; d. Cromosomas dicéntricos/célula
en células Hela PARP-1kd, *p<0,05; e. indice mitético en células Hela NS y Hela RAD21kd, *p<0,05, **p=0,000; f. indice mitético en células

Hela PARP-Tkd.

focos yH2AX (MN yH2AX+) y los aneugénicos inducen
MN quenolospresentan (MNyH2AX-). Los datos sobrela
presencia de MN en las células HeLa NS y HeLa RAD21kd
se muestran en la Figura 6. La mayoria de las células BN
de ambas lineas celulares poseian un MN. La proporcion
entre los MN de las células BN tratadas y aquellos
presentes en las células BN controles (tratadas con

DMSO0) demostr6 un aumento significativo en las células
BN HeLa RAD21kd (p=0,001, Figura 6a). Dentro de los
MN obtenidos se observ6 un importante aumento de MN
yYH2AX- en las células HeLa NS y HeLa RAD21kd tratadas
con DMSO o con el inhibidor de DNA-PKcs (Figuras
6b y 6c). En cambio, el tratamiento con ETO produjo
una disminucién de MN yH2AX-, incrementandose el
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Figura 6. Células binucleadas (BN) con microntcleos (MN) a las 96 h postratamientos.

a. Proporcion entre las células BN con MN luego de los diferentes tratamientos y las células BN
con MN tratadas con DMSO (control) en HelLa NS y Hela RAD21kd, *p=0,001; b y c. Porcentajes
de MN con (yH2AX+) o sin (yH2AX-) rupturas de doble cadena, *p=0,0001 tratados vs. sus

respectivos controles en células Hela NS y Hela RAD21kd.

porcentaje de los MN yH2AX+ (61,2+6,6% en HeLa NS
vs. 53,6+16,8% en HeLa RAD21kd). Los porcentajes
de los MN yH2AX+ alcanzaron sus valores mas altos
(>70%) con el tratamiento combinado DNA-PKi/
ETO en ambas lineas celulares. Las células RAD21kd
tratadas con la combinacién del inhibidor de DNA-
PKcs y ETO mostraron un marcado aumento de MN,
siendo la mayoria de ellos yH2AX+, lo cual indicé que
los fragmentos acéntricos y los cromosomas dicéntricos
podrian contribuir a la formacion de los MN obtenidos.

DISCUSION

ETO es una droga utilizada en el tratamiento de
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leucemias, linfomas y tumores sélidos. A pesar de su
amplio y efectivo uso, los pacientes tratados con ETO
presentan el riesgo potencial de desarrollar leucemias
secundarias relacionadas a la terapia, las cuales suelen
manifestarse luego de un periodo de latencia corto
(Zhang et al., 2021). La incidencia de estas leucemias se
increment6 debido a una mayor tasa de sobrevida de los
pacientes y al uso de regimenes quimioterapéuticos mas
intensos para tratar tumores primarios.

Los rearreglos entre cromosomas como las
translocaciones, representan las anomalias cariotipicas
caracteristicas de las leucemias (Roukos y Misteli, 2014.).
En este sentido, la via de reparacion alt-EJ remueve las
RDC ante la ausencia de c-NHE] y de HR, promoviendo
un procesado incorrecto de estas lesiones, lo cual origina
grandesalteracionesenlossitiosdeuniéndelosextremos
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rotosy la formacién de rearreglos cromosémicos (Iliakis
et al., 2015). En base a estas observaciones se analizd
la presencia de dafio cromosémico inducido por ETO
en células humanas deficientes en c-NHEJ y HR y su
progresion a lo largo de las divisiones celulares.

Lascélulas HeLa deficientes en RAD21(HeLaRAD21kd)
se generaron mediante transfecciones estables con un
shRNAmir especifico. Nuestros resultados revelaron
un porcentaje menor en la expresiéon de este gen en
comparacion al valor obtenido (~55-62%) por Xu et
al. (2011) en la linea de cancer de mama MDA-MB-231
utilizando un sistema de silenciamiento génico similar.

La deficiencia en la subunidad RAD21 altera la
reparacion de las RDC mediante HR y la presencia de
ICH es una medida de la activacion de la recombinacion
en células de vertebrados (Sonoda et al., 1999). Los
niveles espontaneos de ICH/cromosoma en las células
HeLa RAD21kd fueron menores en relacion a las células
HeLa NS. Similares resultados se obtuvieron en células
embrionarias humanas 293/A658 deficientes en RAD21
(SCC1), donde la frecuencia de ICH/metafase fue la mitad
de la hallada en células proficientes (Potts et al., 2006).

Cuando se evalu6 la sensibilidad de HeLa RAD21kd a
ETO se observo que estas células fueron hipersensibles a
partir de la concentracion mas baja empleada en relacién
a las células HeLa NS. Nuestros resultados estan en
concordancia con los obtenidos por Atienza et al. (2005),
quienes reportaron una mayor sensibilidad de las células
de cadncer de mama MCF-7 deficientes en RAD21 cuando
fueron tratadas con ETO.

Luego se determind la presencia de células con RDC
(yH2AX+) en la fase G2 del ciclo celular en ambas lineas
celulares expuestas a la concentraciéon de ETO elegida,
2 pg/ml. La marcaciéon yH2AX indica una respuesta
celular temprana frente al dafio inducido en el ADN y es
un biomarcador sensible y especifico para la deteccion
de RDC (Takahashi y Ohnishi, 2005). En las células HeLa
NS y HeLa RAD21kd se obtuvo un marcado aumento en
el porcentaje de células con RDC (~90%). En estudios
previos, hemos observado la induccion de estas lesiones
en la fase G2 de fibroblastos humanos normales (de
Campos Nebel et al., 2010) y de células HeLa (Palmitelli
et al., 2015) luego del tratamiento con ETO.

La ausencia de la via HR se consiguié mediante el
silenciamiento de RAD21 y la deficiencia de c-NHE]
se logrd utilizando un potente inhibidor selectivo de
DNA-PKcs, NU7026. Este inhibidor tiene una actividad
60 veces mas alta contra DNA-PKcs en relacién a
otras fosfatidilinositidil 3-quinasas, como ataxia
telangiectasia mutada (ATM) y ataxia telangiectasia
y rad3-relacionada (ATR) (Willmore el al, 2004).
Los resultados exhibieron un aumento sinérgico de
rupturas e intercambios de cromatidas frente a ETO en
un contexto deficiente en c-NHE] y en HR en la primera
metafase postratamiento.

A su vez, el dafio inducido se evalud en la interfase
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G1 posmitdtica mediante la cuantificacion de nucleos
con 220 focos yH2AX en células BN. Estos focos pueden
ser el resultado de lesiones persistentes sin reparar o
incorrectamente reparadas, y/o a las producidas durante
lamitosis previa(Ricouletal.,2019). Enconsecuencia, los
focos yH2AX observados en la interfase G1 posmitotica
reflejarian la presencia de rupturas cromatidicas
(lesiones sin reparar), de figuras de intercambio de
cromatidas (lesiones mal reparadas), y/o de las rupturas
de estas figuras de intercambio ocasionadas durante la
migracion, hacia polos opuestos, de los centrémeros
durante anafase.El tratamiento con ETO o con la
combinacion DNA-PKi/ETO caus6 un marcado aumento
de células BN con 220 focos yH2AX en HeLa RAD21kd en
comparacion a HeLa NS, sin una reducciéon importante
en el porcentaje de células BN.

En las células tumorales HeLa no se observa una
acumulacion celular en la fase G1 en presencia de un ADN
dafiado debido a la falta o disminucién de la expresion
de la proteina p53 (Del Nagro et al., 2014). Es por esto
que el analisis del ciclo celular se focalizd en el punto de
control G2/M.

A las 8 h se obtuvo una mayor proporcion de células
HeLa NS en la fase G2/M respecto a las células HeLa
RAD21kd. Estos resultados indicaron que, a pesar del
mayor dafio cromosémico presente en RAD21kd, estas
células continuaron su progresion durante el ciclo
celular por poseer un punto de control G2/M defectuoso.
En este sentido, Watrin y Peters (2006) reportaron que
células HeLa deficientes en RAD21 (SCC1) pudieron
entrar en mitosis a pesar de la presencia de cromosomas
altamente fragmentados luego de la exposicién a ETO 5
pM (~3png/ml) por 15 min durante la fase G2. Por lo tanto,
la subunidad proteica RAD21 promoveria la activacion
del punto de control G2/M frente al dafio inducido.

A las 16 h, la acumulacién en G2/M disminuy6 en
las células HeLa NS tratadas con DNA-PKi/ETO, lo
cual indicaria el reinicio del ciclo celular. Por otro lado,
HeLa RAD21kd present6 una proporcion de células en
la fase G2/M que se mantuvo desde las 8 h luego de los
tratamientos con ETO y ain mas con DNA-PKi/ETO.
Segun datos reportados, los fibroblastos embrionarios
de raton deficientes en RAD21 (RAD21+/-) exhibieron un
aumento de células en la fase G2/M a las 24 h luego de
exponerlos a radiacion ionizante al compararlos con los
fibroblastos controles wild-type (Xu et al., 2010).

Nuestros resultados junto a los antecedentes
bibliograficos citados, indicarian que la falta de RAD21
llevaria a un arresto celular insuficiente en el punto de
control G2/M a tiempos cortos, aunque el porcentaje de
las células acumuladas podria mantenerse en el tiempo.

Asimismo, los inhibidores de DNA-PKcs influyen
sobre la acumulacién celular en G2/M. La distribucion
de las poblaciones celulares de HeLa NS y HeLa RAD21kd
en las diferentes fases mostré un ligero incremento en
G2/M en presencia del inhibidor de DNA-PKcs NU7026
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en combinacion con ETO. En el mismo sentido, las
células de leucemia mieloide crénica K562 expuestas a
ETO presentaron una mayor acumulacién en G2/M en
presencia de NU7026 (Willmore et al., 2004). La adicién
de otro inhibidor de DNA-PKcs, NU7441 aument6 el
ntmero de células de carcinoma nasofaringeo SUNE-
1 en la fase G2/M luego de la exposicién a radiacion
ionizante (Dong et al., 2018).

A las 28 h, las metafases de la segunda division
mitotica revelaron un mayor incremento de AC luego
del tratamiento con ETO en un contexto deficiente
en c-NHEJ y en HR, en comparacién con los valores
obtenidos en la primera metafase. Las células HeLa
RAD21kd en presencia de DNA-PKi/ETO utilizaron la via
alt-EJ para reparar las RDC persistentes, llevando a un
aumento sinérgico de cromosomas dicéntricos. Alt-EJ es
una via lenta que remueve los extremos libres del ADN,
muy citotdxicos para el genoma, induciendo al mismo
tiempo un aumento de rearreglos cromos6micos (Iliakis
et al., 2015). Ademas, las deficiencias de RAD21 (Gelot
et al., 2016) o de DNA-PKcs (Gunn et al., 2011) estan
asociadas a la aparicién de rearreglos al reunir en forma
incorrecta los extremos del ADN.

La participacién de la via alt-EJ se confirmé con los
valores obtenidos en las células HeLa PARP-1kd. En estas
células deficientes en PARP-1, la frecuencia de rupturas
cromatidicas y cromosdmicas, y de cromosomas
dicéntricos se redujo luego del tratamiento con ETO.

Los cromosomas dicéntricos son inductores de
inestabilidad cromosémica a través del ciclo de ruptura-
fusion-puente (breakage-fusion-bridge, BFB cycle). El
ciclo BFB comienza con la formacién de rupturas en el
cromosoma que se fusionan originando cromosomas
dicéntricos, o cromatidas hermanas unidas, y en anafase
estas estructuras crean puentes cromatinicos al dirigirse
los dos centrémeros hacia polos opuestos. Los puentes
se rompen y los extremos rotos vuelven a fusionarse,
repitiendo el ciclo BFB (Gisselsson et al., 2000).

Los MN son estructuras nucleares pequefias que
pueden originarse por fragmentos cromosomicos
acéntricos o cromosomas dicéntricos, que se pueden
incorporar en el genoma o ser excluidos de las células
durante las subsecuentes divisiones celulares. Los
MN son considerados indicadores de genotoxicidad
y de inestabilidad cromosémica. La inestabilidad
cromosOmica es una caracteristica de los canceres
humanos y esta asociada a un pobre prondstico, a
metastasis y a resistencia terapéutica (Bakhoum vy
Cantley, 2018). Se han observado MN en tumores s6lidos,
en neoplasias hematoldgicas o en linfocitos de sangre
periférica de pacientes durante la evolucién de un cancer
(Tijhuis et al., 2019; Siri et al., 2021).

A las 96 h, se observé un aumento de la proporcioén
de MN en las células BN HeLa RAD21kd, alcanzando el
mayor valor en aquellas tratadas con DNA-PKi/ETO.
A su vez, el 70% de estos MN present6 focos yH2AX,
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resultado de fragmentos acéntricos y/o cromosomas
dicéntricos. Las lineas celulares linfoblastoides humanas
delecionadas en RAD21 exhibieron un aumento de MN
y de puentes nucleoplasmicos luego de la exposicion
a radiacién ionizante (Deardorff et al., 2012). Un
importante incremento de MN espontaneos se observd
luego del silenciamiento de RAD21 en células epiteliales
de cancer colorectal HCT116 y en fibroblastos humanos
inmortalizados hTERT (Leylek et al., 2020). Por otro
lado, nuestros resultados previos han sefialado un
significativo aumento de MN en presencia de DNA-PKi/
ETO en células HeLa (Palmitelli et al., 2015).

Yamauchi et al. (2011) indicaron que los cromosomas
dicéntricos y las translocaciones cromosémicas surgen
por una reparacién inadecuada de las RDC y que ambas
aberraciones ocurren por mecanismos idénticos.
El andlisis de las uniones de los puntos de ruptura
(breakpoints) de las translocaciones cromosémicas
en tumores humanos revelé caracteristicas tipicas
(microhomologias, extensa resecciéon terminal) de la
intervenciondealt-EJ enlaformaciondetranslocaciones
(Deriano y Roth, 2013; Patterson-Fortin y D’Andrea,
2020).

En presencia de ETO, alt-E]J generd rearreglos
cromosdémicos y MN, eventos asociados con el fenotipo
de inestabilidad cromosémica, la transformacion
celulary el posible inicio de un proceso tumorigénico. En
base a esto, y a la reduccion de cromosomas dicéntricos
observada en células deficientes en PARP-1, la via alt-EJ
podria constituirse en un blanco terapéutico promisorio
para evitar la aparicion de leucemias secundarias en los
pacientes tratados con ETO.
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ABSTRACT

A 19-year-old pregnant woman was admitted to our ultrasound department at 20.4 weeks
of gestation. Prenatal sonography identified a fetus with trigonocephaly, an omphalocele
protruding out of the abdominal wall, on the right side of the umbilical cord, that contained
the liver and bowel, claw hand and bot foot. Amniocentesis revealed an unbalanced
chromosome constitution 46,XX,der(11)t(3,11)(q22.2,q24.3) resulting in a deletion of
11924.3 to 11qter and a duplication of 3g22.2 to 3qter product of a “de novo imbalanced
translocation”; the parents’ karyotypes were normal. The chromosome microarray results
for the proband revealed a 63.07 Mb duplication in the chromosome 3 located at 3g22.2 to
terminal 3gq29; a 4.08 Mb deletion in the chromosome 11 located at 1125, and a 5.66 Mb loss
in the chromosome 10 located at 10q25.1 to 10q25.2. To the best of our knowledge, this is the
first report of this combination of chromosomal abnormalities.

Key words: amniocentesis, chromosome microarray, deletion 10q, deletion 11q, duplication 3q.

RESUMEN

Una embarazada de 19 afios ingresé en nuestro servicio de ultrasonido a las 20,4 semanas
de gestacién. La ecografia prenatal identificé un feto con trigonocefalia, un onfalocele que
sobresalia de la pared abdominal, en el lado derecho del cordén umbilical, que contenia
el higado y el intestino, una mano en garra y un pie bot. La amniocentesis revelé una
constituciéon cromosémica desequilibrada 46,XX,der(11)t(3,11)(q22.2,q24.3) que resultd
en una delecién de 11g24.3 a 11gter y una duplicaciéon de 3q22.2 a 3qter producto de una
“translocacién desequilibrada de novo”; los cariotipos de los padres eran normales. Los
resultados del microarreglo cromosémico para el probando revelaron una duplicacién de
63,07 Mb en el cromosoma 3 ubicado en 3q22.2 a terminal 3¢29; una delecién de 4,08 Mb en
el cromosoma 11 ubicado en 11q25 y una pérdida de 5,66 Mb en el cromosoma 10 ubicado en
10g25.1 a 10g25.2. Hasta donde sabemos, este es el primer informe de esta combinacién de
anomalias cromosémicas.

Palabras clave: amniocentesis, microarray cromosdmico, delecion 10q, delecion 11q, duplicacion 3q.
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THE PROBAND'S CHROMOSOME MICROARRAY RESULTS REVEALED THREE COPY NUMBER CHANGES

INTRODUCTION

Trisomy 3q is a very rarely reported chromosomal
disorder. In most cases, a duplication of the segment
3g21-qter is included; these duplications being the
result of unbalanced segregations of balanced parental
translocations involving chromosome 3 (Chen, 2007).
Duplication of part of the long arm of the human
chromosome 3 causes a distinct and severe syndrome
that leads to multiple congenital abnormalities such as
growth delay, dysmorphic facial features, microcephaly,
intellectual disability, heart defects and structural brain
anomalies.

Partial monosomy of the long arm of chromosome
10 is an uncommon chromosomal abnormality
accompanied by microcephaly, characteristic facial
features and mental retardation. Some cases of this
chromosomal defect have been reported to occur with
other chromosomal abnormalities (Shapiro et al., 1985;
Tsukuda et al., 1996).

Deletions of terminal 11q region are found in
individuals with Jacobsen syndrome -JBS- (Sheth et al.,
2014). The phenotype may vary with deletion size but
the most common features include mild-to-moderate
intellectual disability, speech delay, psychomotor
delay, congenital heart disease, trigonocephaly,
thrombocytopenia, and characteristic facial features.

A 19-year-old pregnant woman was admitted to
the ultrasound department in San Luis, Argentina, for
pregnancy follow-up. The unborn baby was the firstborn
of anon-consanguineous and healthy couple. In the fetal
karyotype, an unbalanced translocation between the
long arm of chromosomes 3 and 11 was observed, leading
to partial monosomy of the long arm of chromosome
11 (11g24.3-11qter); partial trisomy of the long arm of
chromosome 3 (3q22.2-3qter) as a result of a “de novo”
unbalanced translocation, and interstitial deletion in the
long arm of chromosome 10 (10q25.1-10925.2); parental
chromosomes were normal. In the literature, no report
of this combination of chromosomal abnormalities
was found. The aim of our study was to compare the
conventional karyotype with the molecular karyotype
at the time of diagnosis, in cases of abnormalities
interpreted by classical cytogenetics.

Case report

The present study was carried out in accordance with the
guidelines of the Helsinki Declaration. The protocol for
the present study was approved by the local Institutional
Review Board and written informed consent was
obtained from the proband’s parents to be enrolled.
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MATERIALS AND METHODS

Chromosome preparation and conventional karyotyping

The fetal karyotyping study was performed from
amniotic fluid using cell culture with Amnio Max Medium
(Gibco, Gaithersburg, MD USA). The cells were incubated
for 15 days at 37° C in a humid atmosphere with 5% CO,,
and then treated with colchicine (Aldrich-Sigma, St.
Louis, MO, USA). To further identify the chromosomal
anomalies, blood from the proband’s parents was
obtained for karyotyping. Peripheral mononuclear
cells were cultured for 72 h at 37° C in RPMI medium
1640 (Gibco, Gaithersburg, MD USA) and stimulated
with phytohemagglutinin (Solarbio, Beijing, China)
containing fetal bovine serum (Gibco) and then treated
with colchicine (Aldrich-Sigma, St. Louis, MO, USA).
The ISCN2020 nomenclature was used to describe the
karyotype (McGowan-Jordan et al., 2020). Cytogenetic
analysis was performed on GTG-banded metaphases
from the patients at a resolution of 450 bands according
to standard lab protocol. For each patient, the numbers
of chromosomes in 30 metaphase mitotic figures were
counted and the karyotypes of twenty cells in mitotic
metaphase were analyzed by optical microscopy (ZEISS,
Germany).

Chromosome microarray

Chromosome microarray was performed in accordance
with the manufacturer’s protocol. The procedure
included genomic DNA extraction, digestion and
ligation, PCR amplification, PCR product purification,
quantification and fragmentation, labeling, array
hybridization, washing and scanning. The array was
designed specifically for cytogenetic research to
detect the gain or loss of DNA copies associated with
chromosomal imbalances. It allows the detection of
aneuploidies, deletions and duplications of the loci
represented in the microarray. It does not detect
balanced alterations (reciprocal translocations,
Robertsonian translocations, inversions and balanced
insertions) or imbalances of regions not represented in
the microarray. Thresholds for genome-wide screening
were set at 2100 kb for gains and 250 kb for losses. The
platform used was Agilent 180K CGH + SNP.

The detected copy number gains or losses were
systematically evaluated for clinical significance by
comparing them with values reported in the scientific
literature and the following databases: i) Database of
Genomic Variants (http://projects.tcag.ca/variation/),
ii) DECIPHER (http://decipher.sanger.ac.uk/), iii) ISCA
(https://www.iscaconsortium.org/), iv) ECARUCA
(http://www.ecaruca.net), v) Online Mendelian
Inheritance in Man (OMIM,; http://www.ncbi.nlm.nih.
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gov/omim) and vi) Clinical Genome Resource (https://
www.clinicalgenome.org/).

RESULTS

There was no positive family history. Prenatal
sonography at 20.4 weeks revealed trigonocephaly
with apparently normal brain structures (Figure 1a),
omphalocele protruding out of the abdominal wall on
the right side of the umbilical cord that contained the
liver and bowel (Figure 1b), claw hand, a condition that
causes the fingers to curve in a sustained manner (Figure
1c), and an inwards and downwards deviation of the axis
of the foot with respect to the leg, defect known as bot or
equinovarus foot (Figure 1d). Counseling was given and
amniocentesis was performed after written informed
consent form had been obtained.

Theresults of the cytogeneticexamination were shown
by chromosome G-banding and karyotype analysis. The
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fetus presented an unbalanced translocation between
the long arm of chromosome 3 and the long arm of
chromosome 11, leading to partial monosomy of the
long arm of chromosome 11 (11q24.3-11qter) and partial
trisomy of the long arm of chromosome 3 (3g22.2-
3qter): 46,XX,der(11)t(3,11)(q22.2, q24.3) (Figure 2). The
parent’s karyotypes were normal; therefore, it was a “de
novo” translocation.

Chromosome microarray analysis using a whole
genome oligonucleotide array detected three
abnormalities in the DNA of this fetus (Figure 3A).
Based on microarray analysis, the first abnormality
is characterized by a 63.07 Mb copy gain from 3q22.2
through terminal 3q29 (134701427_197771082) (Figure
3B). The second copy change was a 4.08 Mb copy loss
from terminal 11q25 (130850244_134928849) (Figure
3c) and the third copy change was a 5.66 Mb copy
loss from 10g25.1 to 10925.2 (107936097_113596588)
(Figure 3d).

Figure 1. Ultrasonographic view of a) trigonocephaly, b) omphalocele, ¢) claw hand and d) bot or equinovarus foot.
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Figure 2. Unbalanced karyotype of the fetus, showing a) partial monosomy 11 and a partial trisomy 3: 48, XX, der (1t (31) (9222, q24.3). b)
Partial ideogram showing the derivative chromosome 11 resulting from a translocation between chromosomes 3 and 11, and leading to a
partial monosomy of the long arm of chromosome 11 (11g24.3-1igter) and a partial trisomy of the long arm of chromosome 3 (3g22.2-3qter).

Arrows indicate the breakpoints.

DISCUSSION

In the present case, we report a female fetus karyotype
with an unbalanced chromosome resulting in a 11q24.3
to 11qter deletion and a 3q22.2 to 3qter duplication.
No reports of this combination of chromosomal
abnormalities were found in the literature.

Prenatal sonography revealed trigonocephaly with
apparently normal brain structures, omphalocele
protruding out of the abdominal wall, on the right side
of the umbilical cord, that contained the liver and bowel,
claw hand, and an inwards and downwards deviation of
the axis of the foot with respect to the leg, defect known
as bot or equinovarus foot.

The chromosome microarray results for the proband
revealed three copy number changes. First, there is a
large copy gain from the long arm of chromosome 3,
from 3qg22.2 through terminal 3q29. This copy gain is
approximately 63.07 Mb in size and contains at least
496 genes which included 262 OMIM genes. Many
of the reported 3q copy gains are associated with
unbalanced translocations where the corresponding
copy loss impacts the phenotype. Copy gains of 3q
have been identified in individuals with growth delays,
dysmorphic facial features, microcephaly, intellectual
disability, heart defects, and structural brain anomalies
(de Azevedo Moreira et al., 2005; Grossmann et al., 20009;
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Dundar et al, 2011; Abreu-Gonzalez et al., 2013; Chen et
al., 2013; Zhu et al, 2013; Lurie, 2016; Dworschak et al.,
2017).

The present results not only underline the importance
of trisomy 3qg22.2>3qter but also uncover certain
unprecedented clinical features which expand on the
current knowledge of the clinical phenotypes of this
trisomy syndrome. The limited number of relevant
previous studies put a restriction on the clear delineation
of the phenotype-karyotype correlation of trisomy
3q22.2~>qter.

The second copy number change was a 4.08 Mb
deletion of the terminal long arm of chromosome 11,
which contains at least 23 genes, including 10 OMIM
genes. Deletions of this terminal 11q region are found in
individuals with JBS also known as terminal 11q deletion
syndrome. JBS is a rare genetic disorder associated
with multiple dysmorphic features and occurs in 1 in
100,000 live births with a female predominance of 2:1
(Jacobsen et al., 1973; Penny et al., 1995; Pivnick et al.,
1996; Grossfeld et al., 2004). JBS occurs due to the loss
of contiguous set of genes present at 11q23 with deletion
size varying from 7 to 20 Mb but could be as small as
2.9 Mb in some cases (Penny et al., 1995; Grossfeld et al.
2004; Guerin et al., 2012).
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Figure 3. Chromosome microarray showing a) Wole genome data (copy number and SNP data), b) Copy gain from 3g22.2-3qter
(associated with unbalanced translocation), c) Copy loss from 11g25-Tigter (associated with unbalanced translocation), d) Interstitial 10q
deletion. The whole genome plot shows, from chromosome 1on the left to X/Y chromosomes on the right. Data for each chromosome is
plotted from pter->gter. For copy number analysis, the scale is logl0, with a normal copy number at zero. Copy losses have a log ratio of
approximately -1.0 (a 1:2 ratio between patient and control), with gains of approximately 0.6 (a 3:2 ratio). In blue are shown the deleted
regions and in pink the copy gains. The gray probes are normal and the green line shows the moving average of the copy number.
Triangles at the top of the graph indicate abnormal regions. The SNP data shows three separate lines, at 0.00, 1.00, and 2.00, displaying the
AA, AB, and BB genotypes. A gain of one genotype (due to a gain in copy number) will show data on a fourth line (the 3.00 line), whereas a
loss of one genotype (due to a deletion) will show only one genotype, either one allele A or B.

ARTICLE 2 - RESEARCH 29



THE PROBAND'S CHROMOSOME MICROARRAY RESULTS REVEALED THREE COPY NUMBER CHANGES

A “de novo” deletion is observed in 85% of patients
with JBS, and 15% cases arise as a result of parental
translocations (Van Zutven et al., 2009). The phenotype
may vary with deletion size, but the most common
features include mild-to-moderate intellectual
disability, speech delay, psychomotor delay, congenital
heart disease, trigonocephaly, thrombocytopenia and
characteristic facial features. Occasionally, immunologic
and hormonal problems may be present (Bernaciak et
al., 2008; Tyson et al., 2008; Mattina et al., 2009; Favier
et al., 2015). The implementation of array technology in
the clinics has permitted precise characterization of the
deletions and detailed genotype—phenotype correlation
in cases with JBS.

The last copy number change is a 5.66 Mb deletion of
interstitial 10q. There are at least 18 genes in this region
including 12 OMIM genes. Partial deletion of the long arm
of chromosome 10 is a relatively frequent cytogenetic
finding. There are over 100 patients described in the
literature (Wilkie et al., 1993; Ogata et al., 2000; Lukusa
et al., 2002; Irving et al., 2003; Yatsenko et al., 2009).
Most cases of terminal 10q deletion have a breakpoint
around 10q26 occurring either as “de novo” or as
familial translocation with variable phenotypic features
(Irving et al., 2003).

The most striking phenotypic features in patients
with the 10q terminal deletions include facial
dysmorphism (microcephaly with prominent forehead,
triangular face, down slanting palpebral fissures, coarse
facial features, bilateral esotropia, epicanthic folds,
synophrys, prominent nasal bridge, short philtrum, and
small mouth), growth failure and developmental delay,
intellectual disability, ophthalmoplegia, syndactyly,
congenital cardiac, urinary and anogenital anomalies;
however, there is significant heterogeneity in the
clinical presentation (Lukusa et al., 2002; Irving et al.,
2003; Yatsenko et al., 2009). Cerebral nervous system
anomalies such as agenesis of the corpus callosum are
reported in partial monosomy 10q. In regard to the
visceral anomalies, one third to half of the patients with
the partial monosomy 10q syndrome have congenital
heart disease such as ventricular septal defect, patent
ductus arteriosus, pulmonary stenosis or a coarctation
of the aorta (Tanabe et al., 1999; Waggoner et al., 1999).

Interstitial deletions of 10q region similar to the
deletion identified in this fetus are relatively rare.
Patients with overlapping deletions noted in the
DECIPHER database have phenotypes which include
developmental delays, behavior abnormalities and facial

dysmorphisms. One of the genes in this 10q region
is SMC3. Deletions and mutations of SMC3 are found
in individuals with Cornelia de Lange syndrome 3
characterized by dysmorphic facial features, intellectual
disability, developmental delay, and occasionally limb
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malformations (McCandless et al.,, 2000; Kehrer-
Sawatzki et al., 2005; Deardorff et al., 2007; Hillman et
al., 2013; Bragin et al., 2014; Gil-Rodriguez et al., 2015;).

The resolution of karyotype analysis in prenatal
diagnosis has historically been considered sufficient
to detect chromosomal abnormalities in the 5-10 Mb
range. In our case, the 10q deletion was 5.66 Mb and
had seemingly normal G-banding patterns (Figure
2). In prenatal diagnosis, microarray analysis can
unambiguously detect chromosomal imbalances and has
substantial advantages by overcoming the limitations
of resolution and banding quality that are inherent in
conventional karyotype analysis (Wapner et al., 2012;
Yatsenko et al., 2013).

In summary, we described the prenatal diagnosis
and molecular cytogenetic characterization of a
“de novo” partial trisomy 3q22.2->3qter, partial
monosomy 11q25->11qter and an interstitial deletion
10g25.1-10q25.2. We demonstrated the usefulness of
chromosome microarray in the prenatal identification
of a “de novo” chromosome aberration and that the
information acquired by molecular cytogenetic analyses
was very helpful in genetic counseling.

CONCLUSIONS

Concomitant partial trisomy 3q22.2-3qter, partial
monosomy 11q25->1iqter and interstitial deletion
10g25.1-10925.2 is unusual in a clinical context. The
coexistence of three copy number changes complicates
the clinical symptoms and creates a chimeric disorder
marked by characteristics of three chromosomal
abnormalities. The use of chromosome microarray in
prenatal diagnosis can elucidate the genetic etiology in
fetuses with ultrasound abnormalities as well as enable
proper genetic counseling management of prenatal care
and informed decision making. The differences that
can be observed in pre and postnatal phenotypes are
important for counseling and further studies regarding
phenotypic variability and genotype. Moreover, there
is a distinct lack of genotype—phenotype correlation
between individual microarray findings; thus, this case
report should add useful information to the emerging
atlas of chromosomal abnormalities associated with
specific prenatal ultrasound findings.
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ABSTRACT

La microsomia craneofacial (CFM) es una malformacién congénita compleja que afecta
aproximadamente a uno de cada 5.000 nacidos vivos. En 1881, 1a CFM fue descrita por primera
vez por Carl Ferdinand Von Arlt. Alo largo de la historia, han surgido términos sinénimos que
han descrito esta malformacion dentro del gran espectro clinico que abarca. El eje central de
la fisiopatologia es la alteracién del desarrollo embrionario de las estructuras craneofaciales
derivadas del primer y segundo arco faringeos. El desarrollo del oido y la mandibula se ve
afectado por factores no genéticos y genéticos, los cuales son: variantes de los factores
de transcripcién implicados en la migracion y el patron de las células de la cresta neural,
modificadores de la cromatina, factores de crecimiento y sus receptores, complejos de pre-
replicacion de ADN, ensamblaje de ribosomas y el spliceosoma. Aunque actualmente existe
una mejor comprension de la fisiopatologia de esta entidad, aiin es necesario continuar con
investigaciones mas especificas sobre los factores etioldgicos relacionados. El objetivo de
esta revision es realizar un recuento de los factores genéticos mas relevantes relacionados
con la microsomia craneofacial reportados en los tltimos 10 afios.

Key words: arco faringeo, CFM, factores genéticos, microsomia craneofacial, microsomia
hemifacial.

RESUMEN

Craniofacial microsomia (CFM) is a complex congenital condition that affects approximately
one in 5,000 live births. It was initially described by Carl Ferdinand Von Arlt in 1881,
and over time, various synonymous terms have been used to refer to this condition. The
pathophysiology of CFM revolves around the disruption of embryonic craniofacial
development, primarily stemming from abnormalities in the first and second pharyngeal
arches. Both genetic and non-genetic factors play a role in impacting the development
of the ear and jaw. These factors encompass a range of elements, including: variants of
transcription factors responsible for neural crest cell migration and patterning, chromatin
modifiers, growth factors and their receptors, DNA pre-replication complexes, ribosome
assembly, and the spliceosome. Although there is currently a better understanding of the
pathophysiology of this entity, it is still necessary to continue with more specific research on
the related etiological factors. The aim of this review is to compile the most pertinent genetic
factors associated with craniofacial microsomia as reported in the last decade.

Palabras clave: Craneofacial Microsomial, CFM, Genetic Factors, Hemifacial Microsomia,
Pharyngeal Arch
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CFM UPDATED / MCF RECUENTO.

INTRODUCCION

La microsomia craneofacial (CFM; OMIM # 164210)
es una malformacién congénita compleja, que afecta
aproximadamente a uno de cada 5.000 nacidos vivos,
sin embargo, se han descrito prevalencias de 1:3.000
hasta 1:26.000 nacidos vivos (Heike et al., 2013; Birgfeld
y Heike, 2019; Renkema et al., 2022). Este amplio rango
se considera de forma reiterativa en la literatura como
probable consecuencia de la variabilidad en el fenotipo.
Esto ha hecho dificil establecer una descripcion concisa
del espectro clinico y se refleja en la diversidad de
denominaciones que se reportan en la literatura y en
el ambiente clinico (Heike et al., 2016). Los siguientes
son algunos términos empleados de forma indistinta:
microsomia hemifacial, espectro dculo-auricular-
vertebral (OAVS), sindrome de Goldenhar, displasia
oculoauriculovertebral (displasia OAV) o secuencia facio
auriculo vertebral (secuencia FAV) (Caron et al., 2017;
OMIM, 2023). La principal caracteristica es la hipoplasia
asimétrica unilateral o bilateral de las estructuras
craneofaciales, que con mayor frecuencia afectan la
mandibula y la oreja (Beleza-Meireles, 2015; Birgfeld y
Heike, 2019).

En 1986, fue publicado un articulo con las tasas de
prevalencia de microtia en Sudameérica. En este, se
evidencié una alta prevalencia en la region andina,
siendo esta de dos a cuatro veces mas alta que en el resto
de la region (8-18 de cada 10.000 nacimientos) (Castilla
y Orioli, 1986; Villalba, 2015). Con los resultados de
la secuenciacién genémica, se han podido identificar
algunos componentes genéticos implicados en la
fisiopatologia como MYT1, SF3B4 y SF3B2, entre otros
(Luquettiet al., 2020; Timberlake et al., 2021). Asimismo,
existen otras causas a tener en cuenta como la exposicion
prenatal a factores ambientales o epigenéticos de los
que se desconoce si afectan otras cascadas moleculares
o las ya descritas hasta el momento. Sin embargo, ain
es necesario seguir investigando para conocer no solo
cada componente sino los roles que desempefian y como
su interaccion conlleva a un fenotipo tan variado. El
objetivo de esta revision es realizar un recuento de los
factores genéticos mas relevantes relacionados con la
microsomia craneofacial reportados en los Gltimos 10
afios.

MATERIALES Y METODOS

Para esta revision de la literatura, se acord6 el uso
de las siguientes bases de datos: Clinical Key, Wiley
Online Library y Pubmed. Se emplearon las palabras
clave: “craniofacial  microsomia” “genomic”
“genetics”. Se hizo revision de la literatura en inglés
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y con un intervalo de tiempo que abarcoé desde el
1 enero de 2012 hasta el 19 de noviembre de 2022.
Se obtuvieron 13 articulos en Clinical Key, 92 articulos
y capitulos en Wiley Online Library y 36 articulos en
Pubmed, en total 141 articulos. Se hizo una revision
manual de titulo y resumen de todos estos en donde se
descartaron los duplicados y las publicaciones que no
cumplianconlosobjetivosdelarevision. Adicionalmente,
se incluyeron 14 articulos relevantes que a pesar de no
aparecer en los motores de bisqueda, se juzgé que eran
necesarios para la comprension y redaccion de este
articulo. En total se incluyeron 38 articulos.

RESULTADOS

Microsomia craneofacial y epidemiologia

La CFM fue descrita por primera vez por el médico
aleman Carl Ferdinand Von Arlt en 1881 (Chhabra y
Chhabra, 2017). Como mencionamos previamente, a lo
largo de la historia han surgido términos sinénimos que
han descrito esta malformacién dentro del gran espectro
clinico que abarca. Las denominaciones en el transcurso
de los afios han sido de esta forma: sindrome de
Goldenhar -1952-, displasia 6culo-auriculo-ventricular
-1963-, microsomia hemifacial por Gorlin y Pindborg
(1960-1964) y sindrome facio-auriculo-ventricular
-1990- (Gorlin et al., 2001; Lawson et al., 2002; Camacho
et al., 2017; Berraquero et al., 2018).

Existe en la literatura revisada un amplio rango de
prevalencia, con cifras desde 1:3.000 a 1:45.000 nacidos
vivos. Este es un estimado ya que en distintas fuentes se
enuncian datos de 1:5.600, 1:26.370 e incluso 1:35.000
nacidos vivos. En Europa se han reportado 3,8 por cada
100.000 nacidos vivos y se estima que en los casos que
tienen componente familiar, la prevalencia abarca del
9,5% al 31% (Beleza-Meireles, 2015).

Clasificaciones

Al igual que con las denominaciones, las clasificaciones
empleadas en los pacientes con CFM han variado con la
historia y descripcion de la patologia. Esta evolucién en
las clasificaciones empez6 desde la inclusién de algunos
hallazgos elementales de dicha condicién, hasta ser
mas detalladas debido al empleo de nueva tecnologia
como la tomografia axial computarizada. Entre estas
clasificaciones, se encuentra, en 1969, el sistema de
clasificacion de Pruzansky, que describe hipoplasia
mandibular (Pruzansky, 1969). Luego, en 1988, Kaban
et al. Realizaron la modificacién de ese sistema, en la
que se incluyen las deformidades en la articulacion
temporomandibular. En 1991 se describié la clasificacion
OMENS; el significado de sus siglas es O: asimetria de
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la orbita (Orbit), M: hipoplasia mandibular (Mandible),
E: deformidad en el oido externo (Ear), N: compromiso
de los nervios (Nerve) y S: deficiencia en tejido blando
(Soft Tissue). Esta clasificacion incluia 3 grados de
compromiso para cada componente. Este Gltimo sistema
fue modificado en 1995 para incluir manifestaciones
extracraneales. En 2007 se anex0 una representacion
pictografica y en 2011, se modificé para estandarizar su
uso y comprension en la practica clinica; OMENS (Véliz
etal., 2016; Renkema et al., 2022).

Fisiopatologia
La evidencia cientifica recopilada hasta la actualidad
respecto a CFM, nos ha permitido dilucidar algunos
puntos de la via molecular implicada en esta
malformacion. Sin embargo, la comprensién de todo
el panorama aun es desconocida. Se ha establecido que
hay factores de riesgo genéticos y no genéticos que
hacen compleja la determinacién etioldgica (Castilla
y Orioli, 1986). Estos factores de riesgo se resumen en
tres componentes: la disrupcion vascular, el defecto
del cartilago de Meckel y la anomalia de las células de
la cresta neural craneal. Se plantea que estos factores
de riesgo inician afectando un solo componente,
pero terminan afectando a todos dada la intrincada
relacién entre estos. En cuanto a los factores no
genéticos que desencadenan la disrupcion vascular,
se han enumerado los siguientes: la diabetes mellitus,
las regiones geograficas de gran altitud, el uso de
talidomida, primidona y acido retinoico (Timberlake
et al., 2021; Luo et al., 2023). Especificamente, en el
caso de la talidomida y sus derivados con propiedades
antiangiogénicas, se da una inhibicién del VEGF (factor
de crecimiento del endotelio vascular). Dicho factor
juega un rol fundamental en el desarrollo de los vasos
sanguineos que rodean el cartilago de Meckel (Kowalski
et al., 2020; Luo et al., 2023). Independientemente de
los mecanismos moleculares afectados, la exposicion a
factores teratogénicos provocara una cadena de eventos
celulares que altera la expresion genética, y esta, a su
vez, traera cambios en el fenotipo y la funcionalidad de
las estructuras (Kowalski et al., 2020; Luo et al., 2023).
Los factores ambientales que tienen efecto en las
malformaciones genéticas o incluso que llegan a causar
muertes fetales, presentan un reto en su identificacion.
Esto es debido a que un factor individual puede no ser
deletéreo, pero si se combina con otros, puede llegar
a causar disrupcion en los procesos de desarrollo
embrionario (Cuny et al., 2020; Mark, 2022). Un
ejemplo de estas interacciones es el nuevo modelo de
pleiotropia en la deficiencia de NAD+ (nicotinamida
adenina dinucledtido). La obtencién de esta molécula
ocurre gracias al metabolismo del L-triptéfano a través

ARTICLE 3 - REVIEW

de la via de la quinurenina. Existe la hipdtesis de que
la deficiencia de NAD+ es un mecanismo pleiotrépico
para multiples condiciones de malformacién, como lo
es el complejo extremidad-pared abdominal (LBWC),
la pentalogia de Cantrell (POC), el complejo onfalocele,
la extrofia de la cloaca, el ano imperforado y anomalias
de la columna vertebral (OEIS), la asociacién VACTERL
(malformaciones Vertebrales, atresia Anal, anomalias
Cardiovasculares, fistula Traqueoesofagica, atresia
Esofagica, malformaciones Renales y displasia de las
extremidades), el espectro dculo-auriculo-vertebral
(OAVS), entre otros (Cuny et al., 2020; Mark, 2022).

Se considera que los posibles mecanismos
etioldgicos afectan al embrion entre los 30-45 dias
de gestacion. El fenotipo variable esta relacionado
con la edad embrionaria, la cantidad de procesos
celulares implicados y la alteracion en la calidad de los
componentes afectados (Véliz et al., 2016).

Los factores genéticos implicados en el desarrollo del
oido y la mandibula descritos hasta el momento son:
factores de transcripcién implicados en la migracion
y el patron de las células de la cresta neural (TFAP2A,
SIXa, SIX5, EYA1, HOXA1o, HOXA2), modificadores de
la cromatina (CHD7, KMT2D, KDM6A), factores de
crecimiento y sus receptores (GDF6, FGF3, FGF10, FGFR2,
FGFR3), genes que codifican los complejos de pre-
replicacién de ADN (ORC1, ORC4, ORC6, CDC6, CDT1),
genes implicados en el ensamblaje de ribosomas (TCOFi,
POL1RC, POL1RD) y los elementos involucrados en la
transcripcion del spliceosoma (EFTUD2, TXNL4A, SF3B4,
SF3B) (Timberlake et al., 2021).

Los grupos de genes y factores ambientales descritos
previamente, afectan el desarrollo de las estructuras
faciales en diferentes niveles. Para poder tener
una mejor perspectiva sobre la disrupcion de estos
procesos, describiremos a continuaciéon el desarrollo
embrionario de las estructuras craneofaciales derivadas
del primer y segundo arco faringeos. La base de la
formacién embrionaria son las tres capas germinales
primarias: ectodermo, mesodermo y endodermo, en el
disco trilaminar. A este disco se le denomina de forma
diferente debido a su posicién anatémica; se llama
placa precordal en el extremo craneal y placa cloacal
en el extremo caudal. Debido al tema de la revision, nos
enfocaremos en la placa precordal, la cual esta formada
por la invaginacion de la membrana orofaringea. Esto
crea una concavidad en la regién central para una
estructura clave en la formacién de la cara que es el
estomodeo. La prominencia frontal se origina por encima
del estomodeo en la cuarta semana postovulacion y da
lugar a las porciones superior y media de la cara. Estas
comprenden las areas entre el labio superior y la frente.
Las protuberancias maxilares y nasales se forman debajo
de la prominencia frontal y se unen formando una sola
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Tabla 1. Estructuras embrionarias y craneofaciales desarrolladas. Extraido de Johnson et al, 2011b.

Estructura embrionaria

Desarrollo de componentes
craneofaciales

Primer surco faringeo

Conducto auditivo externo

I Arco faringeo (AF)

Mandibula
MUsculos de la masticacion
V par craneal (V2 'y V3)

Martillo y yunque

Bolsa de | arco faringeo

Trompa de Eustaquio
Cavidad timpdnica

Celdillas mastoideas

Segundo surco faringeo

Seno cervical de his

Il arco faringeo

MUsculos de la expresién facial
Cuerpo y cuernos menores del hioides
Estribo

Vil'y VIIl par craneal

Bolsa del Il arco faringeo

Amigdala palatina

estructura. De esta proceden los seis arcos mesodérmicos
que estan separados entre si, en la parte externa, por
hendiduras branquiales revestidas por endodermo
(surcos) y, en la parte interna, por bolsas faringeas
revestidas por ectodermo (Johnson et al., 2011).

El primer surco faringeo da origen al conducto
auditivo externo, el primer arco faringeo a la mandibula,
los musculos de la masticacion, el V par craneal (V2 y
V3) y al martillo y el yunque. La bolsa del primer arco
faringeo da lugar a la trompa de Eustaquio, la cavidad
timpanica y las celdillas mastoideas. El segundo surco
faringeo forma el seno cervical de his, el segundo arco
faringeo forma a los musculos de la expresién facial,
cuerpo y cuernos menores del hioides, el estribo, el VI y
VIII par craneal y labolsa a laamigdala palatina (Johnson
etal., 2011) (Tabla 1).

La segregacion de células de la cresta neural es
fundamental para evitar fusiones de los elementos
ectodérmicos y mesenquimales. Asi mismo, esta
separacién también se da para impedir la mezcla de
células de la cresta neural con diferentes elementos
estructurales. Este aislamiento migratorio hace que
cada arco faringeo esté constituido en el centro por
tejido mesenquimatoso especifico el cual tendra en
su parte externa, ectodermo superficial y en su parte
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interna, tejido del endodermo. El nicleo de cada arco
faringeo contiene células de la cresta neural que migran
a lo largo de los otros arcos, ayudando asi a formar los
componentes musculares, arteriales y nervios craneales,
caracteristicos de cada arco (Passos-Bueno et al., 2009;
Johnson et al., 2011).

A continuaciéon, se hara un desglose de los
componentes  genéticos relacionados con la
fisiopatologia que fueron mencionados anteriormente.
Para comenzar, expondremos los fenémenos genéticos
implicados en la induccién del desarrollo del oido.
Estos estan mediados por la notocorda, el mesodermo
paraxial y el romboencéfalo. Este udltimo presenta
un engrosamiento denominado placoda ética. El gen
TAFP2A, esta implicado en las vias de sefalizacién de
Bone Morphogenetic Proteins (BMP) y Wnt. Estas vias
afectan el eje anteroposterior, induciendo la formacion
de diversas estructuras, entre ellas, el romboencéfalo.
Variaciones en TFAP2A pueden influir en la expresion de
genes de la via BMP, alterando la sefializacién y llevando
a malformaciones en la cresta neural. Aqui también hay
relacién con el gen EYA1 y este interviene en la formacion
de la placoda dtica. Mutaciones en EYA1, que es regulado
por la via Wnt, podrian afectar la diferenciacion y
migracion celular en la placoda 6tica (Polevoy et al., 2019).
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La via BMP tiene varios reguladores en su cascada
de sefalizacion, es por esto que el fenotipo puede ser
variable. Por ejemplo, en el caso de verse comprometido
el gen HOXA2, la formacién del paladar puede verse
afectada. La regulacion de BMP por genes como HOXA2
puede ser critica. (Lyyanar et al., 2017; Polevoy et al.,
2019).

El gen ORCi se veria implicado en el proceso de
hipoplasia, ya que su deficiencia se relaciona con la
dificultad en la entrada en la fase S del ciclo celular y
su progresion en el mismo. La afectacion sucede en la
replicaciéon del ADN vy el crecimiento celular. Al pasar
esto ultimo, se impide el crecimiento de las estructuras
en una etapa de rapida proliferacion celular como lo es el
desarrollo embrionario. Debido a su papel enlos procesos
mencionados anteriormente, la deficiencia de ORCi1
tiene impacto en la variabilidad fenotipica de la CFM ya
que perjudica a diversos componentes craneofaciales
en distintas etapas de su formacién. El acoplamiento
adecuado entre este gen y otras vias es esencial para
conservar el balance en la intrincada red de regulacion
de los procesos de desarrollo (Stiff et al., 2013).

Los genes CDC6 y CDT1 forman un complejo que se
torna vital para el inicio del proceso de replicacion del
ADNYy el ensamblaje de las ADN helicasas en el complejo
de replicacién. Si existen dafios en su regulaciéon y
expresion, el ADN se torna inestable y puede producir
mutaciones que se veran reflejadas en el fenotipo.
Dichas mutaciones pueden darse en genes clave para
el desarrollo propicio de las estructuras faciales y sus
anexos, provocando asi los cambios fenotipicos vistos
en la CFM (Pozo y Cook, 2016).

Por otro lado, FTCHD7 es fundamental para la
activacion del circuito transcripcional de la cresta neural
que hace parte de la migracién. Al verse esta Ultima
comprometida, se afectan estructuras mesenquimatosas
como cartilagos y huesos faciales (OMIM, 2022a).

Para continuar, es también de importancia resaltar el
papel de los factores epigenéticos que se ven implicados
en el proceso de empaquetamiento del ADN. Por ejemplo,
los genes KMT2D y KDM6A se encuentran implicados
en los procesos de metilacion y desmetilacion,
respectivamente. Esto quiere decir que afectan la
represion o favorecen la expresion génica relacionada
al control de la histona H3. Las modificaciones en la
regulacién de esta histona impactan la configuracion
de la cromatina y la expresiéon o supresion de genes
relacionados con las estructuras faciales (OMIM, 2022b,
OMIM, 2022c).

En la gama de genes implicados en el ensamblaje de
ribosomas, POL1RCy POLiRD se encargan de codificar
las RNA polimerasas I y III. Estas enzimas se encargan
del proceso de transcripciéon del ARN y su posterior
traduccion a proteinas. Debido a que la sintesis de estas
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estructuras es de vital importancia para la diferenciacion
y proliferacion celular, si hay anomalias en el ensamblaje
ribosomal, puede haber deficiencias parciales o totales
en el crecimiento de los componentes craneofaciales en
la etapa embrionaria (OMIM, 2022d).

El gen GDF6 es parte de la familia del factor
transformante beta, el cual se ve involucrado en el
desarrollo coclear. Su rol ayuda en la diferenciacién de
las células indispensables de la audicién. De la misma
manera, el FGF3 es parte de otra gran familia de factores
de crecimiento que se ven implicados en la formacién
de estructuras de oido interno. Esto se logra ya que
dicho gen participa tanto en la diferenciacién como
en la proliferacién de las células auditivas. Si alguno
de estos genes mencionados se ve afectado, puede
verse comprometido el fenotipo de dichas estructuras
craneofaciales (Bademci et al., 2020; OMIM, 2022e).

Como se logra observar, hay varios genes implicados
en la formacion del oido y sus estructuras. Sin embargo,
hay tres roles principales en los cuales se pueden
agrupar. Primero, la replicacién y crecimiento celular,
segundo, la variabilidad fenotipica y, por tultimo, la
interdependencia y regulacion entre las vias y los genes.
Esto muestra por qué es uno de los componentes faciales
mas afectados en la clinica de CFM y por lo cual existe
mayor evidencia.

Con respecto al papel del spliceosoma en la
fisiopatologia, se ha visto que, en modelos murinos, si
se altera la expresion de genes como SF3B2 y SF3B4, hay
disrupcion del desarrollo de la cresta neural. Cuando este
proceso se ve alterado, principalmente afecta el primer y
segundo arcos faringeos, se evidencia compromiso en el
desarrollo adecuado de estructuras como el oido externo
y la mandibula (Stiff et al., 2013; Timberlake et al., 2021).

El complejo SF3B esta conformado por el spliceosoma
principal que a su vez se compone de U1l Y U2. Estos
son componentes fundamentales del ensamblaje y
desensamblaje del complejo SF3B. El primer paso es
la interaccion entre Ui, U2 y el preARN mensajero
(pre-ARNm). U1 y U2 son cada uno un complejo de
ribonucleoproteinas nucleares pequefias (SnRNP) vy
la interaccién con pre-ARNm conlleva a la formacion
del complejo A o pre-spliceosoma. Posteriormente, se
une el tri-snRNP (U4/U5.U6), dando lugar al complejo
B o spliceosoma pre catalitico. Una vez se escinden los
componentes U4 y U1, el spliceosoma se activa y ocurren
otros cambios hasta la conformacién del complejo C
o spliceosoma catalitico. Esto finalmente, lleva a la
consolidacién del pos spliceosoma, dando lugar al corte
y empalme con la obtencion del intrén y RNPm (Lee y
Rio, 2015; OMIM, 2022d).

Como resultado del proyecto de caracterizacion de
microsomia hemifacial en la regién andina, desde 2021
se postula la necesidad de incluir a SF3B2 en los paneles
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Figura 1. Formacion del spliceosoma, Extraido de Lee y Rio, 2015.

El primer paso es la interaccion entre U1, U2 y el preARN mensajero (pre-ARNm). Ul'y U2 son cada uno un complejo
de ribonucleoproteinas nucleares pequenas (snRNP) y la interaccién con pre-ARNm conlleva a la formacion

del complejo A o pre-spliceosoma. Posteriormente, se une el tri-snRNP (U4/U5.UB), dando lugar al complejo B o
spliceosoma pre catalitico. Una vez se escinden los componentes U4 y U], el spliceosoma se activa y ocurren otros
cambios hasta la conformacion del complejo C o spliceosoma catalitico. Leyenda: U: subunidad, BP: pares de
bases, RNA 12S: subunidad ribosomal 12S; 2s, 3a, 3b: componente de U2.

genéticos de pacientes afectados con CFM (Timberlake et
al., 2021). La explicacion fisiopatoldgica es la siguiente.
En caso de haploinsuficiencia de SF3B2, se vera afectado
el primer paso del ensamblaje del complejo A o pre
spliceosoma. La alteracién se ve concretamente en U2
ya que el gen SF3B2 codifica para la subunidad dos
del complejo proteico del factor de splicing 3b. Este
ultimo es uno de los tres componentes de U2, los otros
componentes son el factor de splicing 3a y la unidad de
RNA 12S. Al no conformarse en cantidades suficientes,
como fisiolégicamente se espera, no puede interaccionar
con el complejo U1l y pre-ARNm, conocido como pre-
spliceosoma o complejo B, viéndose considerablemente
afectada la produccién de proteinas funcionales (Lee y
Rio, 2015; NIH, 2022) (Figura 1).

Como consecuencia de lo mencionado anteriormente,
hay exones aberrantes que usualmente se eliminan
antes del splicing (ie. se consideran aberrantes porque
tienen codones de terminacion prematura). Si se
conservan estos exones, se veria afectada la produccion
proteica y, por lo tanto, se termina comprometiendo la
expresion génica de tejidos especificos y en este caso el
oido externo y mandibula (Lee y Rio, 2015; NIH, 2022).
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DISCUSION

Una vez realizada esta revisién y teniendo en cuenta
los componentes estudiados hasta el momento en la
fisiopatologia de la CFM, se dilucida la complejidad del
proceso de formacion de las estructuras originadas de la
placa precordal.

Los componentes genéticos y no genéticos terminan
afectando el desarrollo del primer y segundo arcos
faringeos y, por ende, las diferentes estructuras faciales
(Tabla 1). Con respecto a la alteracion del genotipo, esto
también depende de factores ambientales externos
como la diabetes mellitus, el uso de talidomida y acido
retinoico, etc. Si bien ain se desconoce el porcentaje
exacto de la contribucion al proceso fisiopatolédgico,
se considera que se debe de ahondar mas sobre este
tema. Al ser estos factores mencionados considerados
como modificables, tanto pacientes como profesionales
pueden estar mas sensibilizados y conocerlos (Johnson
et al., 2011; Timberlake et al., 2021).

Las estructuras mesenquimatosas del oido y la
mandibula se ven perjudicadas en diversas formas y
grados. El nivel de afeccion cambia segin lo temprano
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o tarde que haya ocurrido la injuria en el desarrollo
embrionario y varia segin el nimero de factores
genéticos implicados. Los factores que se pueden
ver alterados son: las variantes de los factores de
transcripcion implicados en la migracién y el patrén de
las células de la cresta neural, los modificadores de la
cromatina, los factores de crecimiento y sus receptores,
genes que codifican los complejos de pre-replicaciéon de
ADN, genes implicados en el ensamblaje de ribosomas
y los elementos involucrados en la transcripcion
del spliceosoma. Dichos factores tendran un papel
determinante en la severidad del fenotipo y el espectro
clinico (Johnson et al., 2011; Lee y Rio, 2015; Pozo y
Cook, 2016; Polevoy et al., 2019; Bademci et al., 2020;
Timberlake et al., 2021; NIH, 2022; OMIM, 2022b; OMIM,
2022c; OMIM, 2022d; OMIM, 2022e).

En conclusion, en los ultimos afios se han visto
resultados de investigaciones iniciadas hace mas de 10
afos. Aunque ain no se comprende en la totalidad la
fisiopatologia, gracias a los aportes de cada investigador
se ha logrado avanzar hacia una formulacién parcial
de los eventos. Se debe continuar investigando para
comprender la totalidad de este intrincado proceso
patoldgico.
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ABSTRACT

Breast cancer is an extremely heterogeneous disease with diverse morphologies, molecular
characteristics, and clinical behaviour whose causes include interactions of both genetic
and environmental factors. Currently, more than 2,261,419 cases and 684,996 deaths
are reported each year worldwide and although great strides have been made, available
treatments are inadequate for its most intractable forms. Therefore, knowing the associated
molecular bases is essential to improve the prognosis and survival. The omics are high
performance technologies utilized to quantify cellular components at a large scale. In this
regard, this article presents genomic, epigenomic, transcriptomic, and proteomic research
on breast cancer, in an attempt to understand and identify potential therapeutic molecular
targets.

Key words: breast cancer, genomics, epigenomics, nutrigenomics, transcriptomics,
proteomics, metabolomics.

RESUMEN

El cancer de mama es una enfermedad extremadamente heterogénea con diversas
morfologias, caracteristicas moleculares, y comportamiento clinico, cuyas causas incluyen
interacciones tanto de factores genéticos como ambientales. Actualmente, se reportan
mas de 2,261,419 casos y 684,996 muertes cada afio en todo el mundo y, aunque se han
realizado grandes avances, los tratamientos disponibles son inadecuados para sus formas
mas intratables. Por tanto, conocer las bases moleculares asociadas es imprescindible para
mejorar el prondstico y la supervivencia. Las 6micas son tecnologias de alto rendimiento,
utilizadas para cuantificar componentes celulares a gran escala. En ese sentido, este articulo
expone investigaciones genémicas, epigenémicas, transcriptémicas, y proteémicas sobre el
cancer de mama, en un intento por comprender e identificar posibles blancos moleculares
terapéuticos.

Palabras clave: cancer de mama, genémica, epigenémica, nutrigendémica, transcriptémica,
proteémica, metaboldmica.
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INTRODUCTION

Breast cancer is one of the most common women’s
cancers with more than 2,261,419 cases and 684,996
deaths each year worldwide, representing 15.5% of all
female deaths (Global Cancer Observatory, 2023). The
incidence of breast cancer is increasing in the developing
world due to increased life expectancy, increased
urbanization and the adoption of western lifestyles
(Sauter, 2018).

This diseaseis categorized into three basic therapeutic
groups: the estrogen receptor (ER) positive group, HER2
(also called ERBB2) group, and the basal-like breast
cancer which is characterized by the lack of expression
of ER, progesterone receptor and HER2 (Koboldt et al.,
2012). It is an extremely heterogeneous disease with
diverse morphologies, molecular characteristics and
clinical behavior caused by the interaction of both
genetic and environmental risk factors (Guo et al.,
2018). Although advances in the understanding of this
disease have been made in the last decade, the available
treatments remain inadequate, particularly for the most
intractable forms of breast cancer.

Omics are technologies used to quantify cellular
components on a large scale. The potential benefit
in cancer research is promising, since they offer
an unmatched opportunity to define cancer at both
pathological and molecular levels (Orsini et al.,
2023). This article aims to present research based
on the gene (genomics)-DNA (epigenomics)-RNA
(transcriptomics)-protein (proteomics) dogma (Figure
1), which allows us to understand the molecular
mechanisms associated with the pathogenesis of breast
cancer, in order to identify new molecular targets for
therapeutic intervention.

METHODS

In this article, required information was collected
through literature review and keyword query (breast
cancer, cancer, biomarkers, genomic, personalized
medicine, pharmacogenomic, epigenomic, nutrigenomic,
personalized diet, carcinogenic food, transcriptomic and
proteomic) in credible scientific websites such as, Google
Scholar, Scientific Electronic Library Online (SciELO),
Medline, and the search engine for electronic journals
and books of Universidad Nacional de Colombia and
Universidad Auténoma de Barcelona.

Genomics

Genomics is the comprehensive analysis of genes, their
DNA structure and their function. Genome analysis has
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improved our understanding of the mechanisms of
breast cancer, thanks to the rapid progress in molecular
biology and genome sciences in the past decades,
expanding our knowledge at the cellular, molecular and
genomic levels (Feng et al., 2018).

The main goal of cancer sequencing studies is to
identify genes that have undergone somatic mutations,
contributing to malignant transformation (Goncalves et
al.,2014). The Cancer Genome Atlas researchers obtained
tumor and germline DNA samples from 825 patients
who presented breast cancer and found 30,626 somatic
mutations which included 28,319 point mutations, four
dinucleotide mutations, and 2,302 insertions/deletions
(Koboldt et al., 2012). These researchers identified all
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genes previously found to be implicated in breast cancer
(PIK3CA, PTEN, AKT1, TP53, GATA3, CDH1, RB1, MLL3,
MAP3K1 and CDKNiB) and, furthermore, they found
26 novel significant mutated genes. Also, germline
variants were identified in ATM, BRCA1, BRCA2, BRIP1,
CHEK2, NBN, PTEN, RAD51C and TP53 genes (Koboldt et
al., 2012) which could be potential biomarkers in breast
cancer. Of these genes, BRCA1 and BRCA2 are likely to
be the main genes involved breast cancer. Impairment
or loss of function of one of these two genes is involved
in substantial genome instability, including increased
number of mutations, DNA breakage and chromatid
exchanges, increased sensitivity to DNA damage, and
defects in cell cycle checkpoint functions (Barh, 2014).

Currently, there are a variety of risk assessment
tools that provide information on breast cancer gene
mutation status, prior to the development of the disease.
These findings allow the implementation of prevention
strategies, such as the use of chemoprevention
medications (tamoxifen and raloxifene) (Abreu et al.,
2014; Sauter, 2018), or mastectomy which is a reasonable
approach for women without breast cancer who have
a known deleterious mutation in BRCA1, BRCA2, TP53,
PALB2, CDH1, or PTEN (Bertier et al., 2016).

On the other hand, the identification of those mutated
genes, which are not present in the normal cells of the
organism, would allow the pharmaceutical industry
to find potential therapeutic targets for cancer cells,
reducing the incidence of adverse reactions and thus
improving the adherence to treatments.

Through pharmacogenomic studies it has been
possible to identify that gene variation in drug
metabolizing enzymes, drug transporters and drug
targets alter the therapeutic outcome of the anti-cancer
drugs (Hossain et al., 2017). For example, tamoxifen is
required to be metabolized into endoxifen via CYP2D6
before it can exhibit its effects, for this reason individuals
with polymorphism in CYP2D6 exhibit considerable
variability in the effect of this medication (Chan et al.,
2017). On the other hand, Irinotecan is also a pro-drug
and should be converted to its active metabolite, SN-
38, which is then metabolized by the UGT1A1 enzyme
for further excretion, however patients with UGT1A1*28
genotype have a risk factor for severe neutropenia due
to accumulation of this metabolite (Hossain et al., 2017).

Finally, the study of mutations associated with therapy
resistance has been another important application of
genomics. For example, Razavi et al. (2018) investigated
associations between genomic aberrations and response
to therapy in 1,501 breast tissue samples (HR+HER2)
and they found that ESR1, ERBB2 and NF1 were the genes
most commonly associated with endocrine resistant
tumors.
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Epigenomics

Epigenetics refers to the study of gene function
and regulation alterations without changes in the
DNA sequence of the genome. The main epigenetic
modifications are DNA methylation, histone
modifications and small noncoding RNAs (Ornellas et
al., 2017). Epigenomics is the study of the complete set
of epigenetic modifications.

DNA methylation is the first epigenetic modification
to be associated with cancer and the most widely
studied. A methyl group is transferred by enzyme DNA-
methyltransferase to the 5-position of cytosine. CpG
islands are regions of DNA and constitute approximately
60% of the promoters of mammalian genes. In these
regions there is a high concentration of cytosine and
guanine pairs. Hypermethylation of CpG islands induces
gene silencing as a result of blocking the binding site of
transcription factors and the transcription machinery,
it also functions as a binding site for repressive
transcription complexes (Zhu et al., 2005).

A family of proteins with a methyl-CpG-
binding domain (MBDs) are strongly involved in
the interpretation of information encoded by DNA
methylation and recruitment of enzymes responsible
for establishing a silence state of chromatin (Hendrich,
1998). For example, Lopez-Serra and Esteller (2008)
found in an in vitro assay that removal of MBDs results
in a release of gene silencing associated with a loss of
MBD occupancy in 5°-CpG islands, without any change
in the DNA methylation pattern (Ballestar et al., 2008).

In cancer, the promoter CpG islands of many tumor
suppressor genes become hypermethylated affecting cell
cycle, apoptosis, cell adherence and DNA repair (Lopez-
Serra and Esteller, 2008). For example, genes such as
p16, ink4a, hMLH1 and BRCA1 are silenced in many types
of cancer. Specifically, hypermethylation of the BRCA1
CpG island occurs mainly in breast and ovarian cancer
(Esteller, 2008).

Histones are nuclear proteins associated with DNA
molecules which are positively charged at physiological
pH(Pascullietal.,2018).Histoneacetylationisareversible
reaction consisting in addition of an acetyl group to an
amino acid residue. The enzymes which catalyse these
reactions are the histone acetyltransferases (HAT)
and the histone deacetylase (HDAC). The acetylation
of histones by HAT neutralizes their positive charge,
reducing the affinity of the histone tail with negatively
charged DNA. As a result, chromatin adopts a more
relaxed structure, enabling the recruitment of the
transcriptional machinery. This reaction is reversed by
HDACs (Hyun-Jung and Suk-Chul, 2011).

The role of histone acetylation in breast cancer has
been strongly studied and it has been found that it
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promotes the expression of certain genes, which can
cause breast cancer. P300 is a HAT which leads to some
gene activation including several oncogenic. Heightened
p300 expression has been observed in primary human
breast cancers (Guo et al., 2018). On the other hand, it has
been found that in normal breast tissue, the expression
of some HDAC, such as SIRT}, is significantly lower than
in breast cancer tissue and, for this reason, this enzyme
has been associated with the development of breast
cancer (Guo et al., 2018).

Another important histone modification is
methylation, which takes place at lysine and arginine
residues and is carried out by histone methyltransferases
(HMTs) which transfer a methyl group to these
amino acids (Tryndyak et al., 2006). This epigenetic
modification plays an important role in chromatin
remodeling and transcriptional activity, with activation
or repression of transcription, depending on the position
of methylation (Dumitrescu, 2012).

Changes in histone marks have been associated with
malignant transformation and metastatic behavior in
in vitro studies. For example, an increase in histones
H3K9me3 (associated with compacted chromatin) was
observed in the triple negative breast cancer, suggesting
that it may be linked to an increased metastatic potential.
In addition, LSD1 (Lysine-specific histone demethylase)
is highly expressed in estrogen receptor negative breast
cancer and was associated with a more aggressive
behavior (Pasculli et al., 2018).

MicroRNAs (miRNAs) are small noncoding RNAs
which usually have 20-25 nucleotides. They are
transcribed by RNA polymerase II and act by repressing
gene expression by binding to regions of a target
messenger RNA. Recent studies show that some miRNAs
regulate cell proliferation and apoptosis processes
that are important in cancer formation. Furthermore,
overexpressed miRNAs in cancers may function
as oncogenes and promote cancer development by
negatively regulating tumor suppressor genes that
control cell differentiation or apoptosis (Rufino-
Palomares et al, 2013; Zhang et al., 2017). Several
investigations regarding to miRNA profiling has led
to the identification of changes in miRNAs expression
levels in human breast cancer (Zhang et al., 2017).

The extensive and frequent hypermethylation of
miRNA genes in human breast cancer supports the
concept that epigenetic instability is an important
early event in human tumorigenesis. Considering the
presence of miRNA gene hypermethylation in breast
cancer, it could serve as an epigenetic marker (Saito et
al., 2006; Tang et al., 2017).
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Nutrigenomics

Nutrigenomics relates the genomic and nutrition of a
person. Thereby, ingested food can modify the gene
expression patterns, resulting in potential benefits or
adverse effects in the health of individuals (Kohlmeier
etal., 2016).

Inherited cancers through a germinal line represent
5% of the total cases, the remaining 95% originate
sporadically from exposure to environmental factors.
In breast cancer only between 5 and 10% of the cases
correspond to some inherited susceptibility, thus food
habits are considered a potential constituent within
environmental factors (Mathers, 2004).

There are several studies that relate breast cancer
with nutrition, but these are not conclusive due to the
molecular complexity involved and the large number
of components contained in diets. Moreover, bioactive
food compounds can interact with genes affecting
transcription factors, protein expression and metabolite
production (Garcia et al., 2010). Research supports the
fact that the absence of intake of natural protective
components may be associated with carcinogenic
diseases (Ross, 2007; Bissoondath et al., 2018).

Studies on sporadic breast cancers have shown that
bioactive components present in fruits and vegetables
can prevent carcinogenesis by several mechanisms,
such as blocking metabolic activation by increasing
detoxification. Some examples of these natural
compounds with inhibitory effects on tumorigenesis
include isothiocyanates, catechins, resveratrol,
curcuminoids, procyanidins, isoflavonesand antioxidant
vitamins (Keum et al., 2004). On the other hand, it has
also been reported that the high consumption of meats
and saturated fatty acids is associated with an increased
breast cancer risk (Ross, 2007; Bissonauth et al., 2008).

These studies also stand out benefits of vitamin
E, which presents chemopreventive effects on breast
epithelial cells, including inhibition of growth,
differentiation and protection against various cellular
stresses. Soy intake has shown a lower risk of cancer in
women who have consumed it during puberty, compared
towomen living in Western and Asian low-consumption
countries (Lee et al., 2009).

In the same sense, daidzein (isoflavone present in
soy) has been shown to inhibit the growth of cancer cells,
inhibiting cell migration and invasion induced by TNF-a
(tumor necrosis factor) in human breast cancer cells
(Ramasamy et al., 2017). Another isoflavone, genistein,
is associated with increased expression of breast tumor
suppressors PTEN and E-cadherin, thus genistein
treatment for BRCA1 succeeds in silencing breast cancer
cells. Additionally, its inhibitory action on estrogen
receptors and its associated vascular endothelial growth
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factor (VEGFR) has also been reported (Bhat et al., 2021).

HER-2 is expressed in breast cancer, receiving much
attention from anti-HER-2 monoclonal antibodies
(trastuzumab). The accessibility of its extracellular
domain makes it ideal for the delivery of antitumor
drugs, which is why several artificial ligands targeting
HER-2 have been developed (Tai et al, 2010). In
addition, gamma linolenic acid (GLA) is an essential type
of omega-6 fat that can inhibit the action of the HER-
2 cancer gene. Therefore, it is proposed as a valuable
therapy against breast cancer, especially for its selective
antitumor properties (Kenny et al., 2000).

On the other hand, there is enough scientific evidence
that alcoholic drinks are a carcinogenic agent and
have been classified as group 1 (highly carcinogenic)
by the International Agency for Research on Cancer.
Furthermore, they have been responsible of, among
many other diseases, breast cancer in women
(Carcinogenic Risks to Humans, 2007).

Finally, it is necessary to mention that several
bioactive compounds of food can control the patterns
of gene expression and that their influence on the
transcription and translation of genes depends not
only on the concentration but also on the time of
consumption.

Transcriptomics

Transcription is the process of converting DNA to RNA.
This RNA can follow different paths, such as being
translated into peptides to be used as a guide for protein
synthesis or assist in gene regulation and enzymatic
activity of cells. Transcriptome, by definition, is the
collection of all RNA in a cell, and transcriptomics
is the examination of these RNA. Transcriptome has
various types of RNA, such as mRNA, non-coding RNA
(which became a hot spot for breast cancer research in
the past) (Shi et al., 2017) and small RNA. Long non-
coding RNAs are also thought to be involved in many
diseases, including breast cancer (Liu et al., 2016).
Transcriptomic techniques help to profile, localize, and
process transcriptomes, as well as to perform post-
transcriptional modifications and decode RNA.

An important element for transcriptomic analysis
of cancer is gene expression. This is the study of gene
activity, going from DNA to proteins. Especially, the
oncogene analysis is very useful in understanding the
processes that drive cancer. Generally, the use of cDNA
libraries and oligonucleotide microarrays allow the
study of oncogenes.

cDNA is a type of DNA obtained using extracted
mRNA as a template. This process requires reverse
transcriptase enzymes (Hawkins et al., 2003). These
DNA are complementary to mRNA fragments and are
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used to study gene expression through a solid surface,
in a process called hybridization. This process involves
attachment of cDNA to specific locations that match
with their respective mRNA. If mRNA is fluorescently
labeled, it is possible to measure different intensities
from each location. cDNA sequencing is used in obtaining
quantitative gene expression, which in turn helps to
identify ‘malfunctioning’ genes in various pathological
states (Wanling et al. 2009).

Oligonucleotide microarrays are utilized to obtain
better hybridization results, by using synthetically
created DNA. With this process, it was determined that
there are two overexpressed genes related to breast
cancer: histone H2AFJ, that makes up the nucleosome and
plays a central role in the control of DNA transcription
(Rendon et al.,, 2021) and epidermal growth factor
receptor kinase substrate 8 (EPS8), that participates in
the signaling pathway of the epidermal growth factor
receptor (EGFR) (Chen et al., 2015). As the results show,
cDNA arrays are useful to identify any possible problem
related to breast cancer.

In addition, with genomic techniques such as
microarrays, next-generation sequencing and whole-
exome sequencing, breast cancer diagnosis is going
through a significant evolution. Molecular diagnostic
assays, such as MammaPrint® or Oncotype DX®,
allow to identify genetic mutations (Abreu et al.,
2014). Companies such as Exact Sciences (2018) offer
the Oncotype DX breast cancer test which examines
the activity of 21 genes in the patient’s breast tumor
tissue in order to provide an accurately diagnosis. Once
the mutations in the patient’s tumor genome have
been identified, the next step is to find those that are
targetable by a therapeutic agent (Sauter, 2018; Abreu et
al., 2014). This information could be obtained with the
use of pharmGKB, an online resource that provides a list
of most, if not all, pharmacogenomics agents approved
or under consideration by the FDA, EMA, and others
(Bertier et al., 2016). On the other hand, Mamma Print
examines the expression of 70 genes linked to different
pathways of control of apoptosis, being recommended
as a predictive tool for chemotherapy by the National
Comprehensive Cancer Network (NCCN) and the
American Society of Clinical Oncology (ASCO) (Zeng ans
Zhang, 2022).

Furthermore, RNA-sequencing is one of the next
generation sequencing techniques. This process involves
creating cDNA libraries from known RNA sequences.
These cDNA are studied and classified. According to
Kuo-Hua et al. (2018), this method can have advantages
over microarrays, as it has an expansive coverage, which
allows study of novel coding and non-coding transcripts.
These ¢cDNA fragments can be either compared with
reference sequences or reassembled to find out the
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whole RNA sequence.

On the other hand, gene expression profile has been
useful for classifying breast cancers into subgroups.
After analyzing 85 tissue samples, Sorlie et al. (2001)
suggested that breast cancer could be subdivided into:
(1) luminal and its subtypes: A estrogen receptors, B
progesterone receptors, C the type of treatment that
corresponds will depend on the luminal subtype, and (2)
estrogen receptor positive group (ER+), HER2 positive
(Her2+) and Triple-negative breast cancer (TNBC). The
latter is subdivided into six subtypes, displaying unique
gene expression and ontologies, including two basal-
like (BL1 and BL2), one immunomodulatory (IM), one
mesenchymal (M), one mesenchymal stem-like (MSL),
and one luminal androgen receptor (LAR) subtype
(Lehmann et al., 2011). However, there are other TNBC
classifications: luminal androgen receptor (AR; LAR),
mesenchymal (MES), basal-like immunosuppressed
(BLIS), and basal-like immune-activated (BLIA)
(Burstein et al., 2015). This has made the classification
of breast cancer more complex, but it has also opened up
new lines of research and treatment.

Proteomics

Cells contain the same genome, but they express
different proteins responding to a specific micro-
environment. The function of proteins depends on their
correct amino acid sequence, their post-translational
modifications, their three-dimensional structure, their
concentration, their interactions with other proteins
and the extracellular environment. These characteristics
make their experimental analysis difficult (Pando-
Robles and Lanz-Mendoza, 2009). Cancer-relevant
proteomics is based on finding differentially expressed
protein markers in tumors and new therapeutic targets.

Different methodologies can be combined in
proteomic studies. The most commonly used methods
involve protein extraction from the sample, separation
by one-dimensional (1-D) or two-dimensional (2-D)
electrophoresis or liquid chromatography, ionization
through Matrix-Assisted Laser Desorption/Ionization
or Electrospray Ionization (Barbosa et al., 2012),
fragmentation, peptide analysis and detection through
techniques such as mass spectrometry or nuclear
magnetic resonance (Qingjun et al.,, 2016), and data
analysis.

In a recent study, researchers quantified by high-
resolution mass spectrometry more than 12,000 proteins
and 33,000 phosphorylation sites and performed an
atypical analysis of the phosphorylation states of the
kinase enzyme. They found aberrantly activated kinases
in breast cancer samples, such as HER2, CDK12, PAK1,
PTK2, RIPK2, and TLK2. With these results, scientists
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hope to identify more druggable kinase proteins,
in addition to HER2, which can be targeted with
trastuzumab (National Cancer Institute, 2018).

Other researchers analyzed the proteome of triple-
negative breast cancer and found six kinases that, when
inhibited by drug combinations, achieved a survival rate
greater than 93% (Zagorac et al., 2018). In this way it
is evident that through the methods of proteomics it is
possible to identify potential therapeutic targets in the
treatment of breast cancer.

In addition, through proteomic methods it is
possible to find novel biomarkers for risk assessment,
screening, early diagnosis and monitoring breast cancer
progression. For example, it is possible to identify
proteins secreted from cancer cells in response to the
tumorigenic process in serum or plasma (Mardamshina
and Geiger, 2017). The risk of breast cancer recurrence
can be tested through the use of serum tumor markers
such as carcinoembryonic antigen (CEA) and Ca 15.3
(MUC-1 mucin glycoproteins) (Drake et al., 2011) which
are increased before symptoms or clinical signs appear.
Particularly, CEA is a non-specific serum biomarker that
is elevated in various malignancies such as breast cancer
(Kankanala and Mukkamalla, 2023)

In general, through proteogenomic analysis of
breast cancer it is possible to elucidate the functional
consequences of somatic mutations, to narrow candidate
nominations for driver genes within large deletions and
amplified regions, and to identify therapeutic targets
(Mertins et al., 2016).

Metabolomics

The message in an organism’s DNA (genome) is
transcribed into RNA (transcriptome), which is
translated into proteins (proteome), participating in
the formation of small molecules known as metabolites.
Therefore, alterations in the genes could cause changes
in the metabolic profile, which can facilitate the
development of cancer (Subramani, 2022).

Thus, metabolomics studies focused on the analysis
of metabolites, offer information on the changes that
occur during the development and progression of cancer,
through the identification of biomarkers, that can even
be used as therapeutic targets (Hart et al., 2016).

The assessment of metabolites can be carried out
using techniques such as: gas chromatography-mass
spectrometry (GC-MS), liquid chromatography-mass
spectometry (LC-MS) and nuclear magnetic resonance
spectroscopy (NMR) (Alakwaa et al., 2018). These
techniques are used to identify metabolites, which will
be correlated with a certain phenotype (physiological or
alteration). In this task it is feasible to use databases that
allow a better correlation.
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The metabolome of cancer is made up of both
oncological metabolites and those that arise from the
body’s systemic response. In particular, cancer cells need
abnormal growth and proliferation rates, which require
supplements of metabolic precursors for proliferation,
angiogenesis, epithelial transition to mesenchyma and
even mitochondrial metabolism (Subramani, 2022).

In breast cancer, more than 30 endogenous
metabolites are identified in the breast tissue, which
include: elevated choline, glycerophosphatcholine, low
glucose and lactate increase (Aboud and Weiss, 2013),
as well as alterations in glutamine levels (Alakwaa et al.,
2018), lipids and serine (Miko et al., 2019).

Particularities are also found in (1) carbohydrates:
metabolites such as ATP, acetyl-coA and NAD regulate
post-translational modifications that negatively affect
protein activity and counteract normal biological
pathways (Fuchinoue et al., 2015). (2) lipids: increased
cell growth and tumor formation require increased lipid
synthesis and absorption, so lipogenesis is essential in
tumor growth (Eghlimi et al., 2020). (3) amino acids:
the metabolism of glutamine (its derivatives: citrate,
fumarate and malate), Na+-dependent transporters,
the amino acid transport system (alanine, serine and
cysteine), are associated with oxidative damage and
overproduction of free radicals associated with genetic
diseases (Subramani, 2022). In sum, the consumption
and use of carbohydrates, lipids and amino acids help to
maintain the growth of cancer cells.

Metabolomics provides knowledge of the dynamic
changes that occur in cancer cells, in order to identify
early biomarkers that can allow sensitive and specific
detection for breast cancer diagnosis (Jasbi et al.,
2019). However, there are numerous challenges in the
extraction and identification of metabolites, so it is still
an emerging field.

CONCLUSIONS

Omics are high-throughput technologies which,
given its versatility and integrity, have allowed to
offer a new perspective in the understanding of the
molecular mechanisms that govern the susceptibility,
occurrence and progression of breast cancer. Among
the most important applications of these technologies
is the identification of potential biomarkers, which
could be aberrant genes, modified proteins, epigenetic
alterations or oligonucleotide RNA chains that are
expressed in cancer cells but not in normal cells. Using
these biomarkers, we can implement prevention
strategies, making an early diagnosis of the disease,
identifying potential therapeutic targets in order to
achieve more effective treatments than conventional
therapies and studying the mutations involved in drug
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resistance. Finally, using these technologies we can
study the contribution of external factors (such as diet)
in epigenetic modifications which could increase our
susceptibility to develop breast cancer. In any case, much
of the treatment is based on specific molecular targets
and inhibitors of DNA signaling or repair pathways, with
chemotherapy being a conventional complementary
treatment.
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ABSTRACT

The human X-chromosome non-coding markers, such as short tandem repeats (STRs),
single nucleotide polymorphisms (SNPs), insertion-deletions (INDELs) and Alu insertions,
are useful for revealing relationships among populations and for the identification of
individuals. In the last decades, a number of studies have been performed to determine the
genetic structure of Latin American populations by using X-chromosome markers. These
studies provided useful information regarding the genetic composition of these populations
and their relationship with Native American, Asian and European populations. One of the
most interesting findings achieved by X-chromosome studies is the bias in the sex ratio of
individuals that gave rise to the current Latin American populations, as it was previously
observed through the analysis of uniparental markers, and which is undoubtedly evidenced
in the differential inheritance of X-chromosome in comparison to autosomes. Besides,
the genetic drift process that affected Native American populations is more pronounced in
X-chromosome markers than in autosomes. The present review summarizes our current
knowledge concerning X-chromosome non-coding polymorphisms studied in Latin
American populations.

Key words: genetic diversity, INDEL, SNP, STR, Alu insertion

RESUMEN

Los marcadores no codificantes del cromosoma X humano, como las repeticiones cortas en
tandem (STR), los polimorfismos de un solo nucleétido (SNP), las inserciones-deleciones
(INDEL) y las inserciones Alu, son Utiles para revelar la relacién existente entre poblaciones,
y también para la identificacion de personas. En las dltimas décadas, se han realizado una
serie de estudios para determinar la estructura genética de las poblaciones latinoamericanas,
utilizando marcadores de cromosoma X. Estos estudios proporcionaron informacién
util sobre la composicion genética de estas poblaciones y su relacién con las poblaciones
nativas americanas, asiaticas y europeas. Uno de los hallazgos mas interesantes logrados
en estos estudios es el sesgo en la proporcion de sexos de los individuos que originaron
las poblaciones latinoamericanas actuales, tal como se observd previamente a través del
analisis de marcadores uniparentales, y que queda evidenciado por la herencia diferencial
del cromosoma X en comparacion con los autosomas. Ademas, el proceso de deriva genética
que afectd a las poblaciones nativas americanas actué de manera mas pronunciada en los
marcadores del cromosoma X que en los autosomas. La presente revision resume nuestro
conocimiento actual sobre los polimorfismos no codificantes del cromosoma X estudiados
en poblaciones latinoamericanas.

Palabras clave: diversidad genética, INDEL, SNP, STR, inserciéon Alu
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X-CHROMOSOME VARIATION IN LATIN AMERICANS.

INTRODUCTION

In the last decade, the human X-chromosome gained
significant importance in the study of population and
forensic genetics. This is due to the intrinsic properties
of this chromosome, such as haplotype accessibility in
males (because of its hemizygosity), lower mutation
and recombination rates, and faster genetic drift due
to smaller effective population size (intermediate
between autosomes and Y-chromosomes) (Schaffner,
2004). For this reason, the non-coding regions
of the X-chromosome exhibit a more important
differentiation among populations than autosomes
(Ramachandran et al., 2004). Moreover, X-chromosome
markers are disproportionately influenced by sex, giving
an excellent opportunity for analyzing demographic
differences between men and women (Casto et al., 2010).
In this sense, the X-chromosome helps to understand a
sex bias which occurred in the past in South American
populations, as Native and African components are
revealed in X chromosome in a higher amount than
autosome chromosomes (Wang et al., 2008; Hedrick,
2017; Resano and Moral, 2018; Ongaro et al., 2021).

The X-chromosome contains several types of non-
coding polymorphisms distributed along its sequence.
The combination of different markers can be a useful
tool for analyzing microevolutionary processes that
occurred in populations in the past (Pereira et al.,
2006; Santos-Lopes et al., 2007; Di Santo Meztler et al.,
2018, among other reports). The most important types
of X-chromosome polymorphisms are short tandem
repeats (STRs), single nucleotide polymorphisms
(SNPs), insertion-deletions (INDELs) and Alu insertions.
STRs -also called microsatellites- are a type of repetitive
DNA markers usually comprising tandem repeats of
di-, tri-, tetra- or pentanucleotide units (less than 10
bp long). They are considered hypervariable markers
because they usually present a high number of alleles
within populations. Their high variability makes STRs
very suitable for paternity and identity tests. Therefore,
several efforts have been made for generating databases
of validated X-STRs with high discriminatory power
and low internal variation of the repetitive sequence
(Willems et al., 2014; Gomes et al., 2020).

SNPs are changes of only one nucleotide in a particular
position in the genome (e.g., cytosine or guanine,
alternatively). They originate as biallelic markers when
a point mutation occurs in a genome, converting one
nucleotide into another, but tri- and tetra-allelic SNPs
can also be found. A block of a few tens of kilobases in the
X-chromosome can carry around 50 to 100 SNPs, therefore
they are very informative markers, and easy to genotype,
even from degraded DNA samples, given the short length
of amplicons (Schaffner, 2004; Kidd et al., 2006).
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INDELs are positions in an alignment between two
DNA sequences where an insertion or deletion has
occurred. SNPs and INDELs offer many advantages for
population studies: they are widely spread throughout
the genome (including the X-chromosome), most of
them derive from a single mutation event, mutation
rates in both types of markers are much lower than those
of repetitive markers, and they can show significant
differences in allele frequencies among geographically
distant populations (Li et al., 2008; Pereira et al., 2009;
Ribeiro-Rodrigues et al., 2009; Casto et al., 2010; Ali et
al. 2022).

Alu insertions are fragments of DNA of about 300
bp length, and are classified into 12 major subfamilies
that appeared at different times during primate
evolution (Kapitonov and Jurka, 1996). They are the
most abundant and extensively studied class of short
interspersed nuclear elements (SINEs) present in the
genome, representing about 11% of the human genome
(Carroll et al., 2001).

The presence or absence of Alu elements at a
particular locus gives rise to genetic polymorphisms.
Usually, Alu polymorphisms are selectively neutral and,
as their location hardly changes or rearranges, they are
considered to be derived from one unique event in which
the absence of the insertion is the ancestral state for Alu
markers (Batzer et al., 1994). These characteristics make
the human Alu insertion polymorphisms a good tool
for studying the genetic diversity and the evolutionary
relationships among human populations (Stoneking et
al.,1997).

Genetic and genome studies focusing on the process
of colonization of the American continent, and in the
composition of Latin American populations were for
several years mostly based on Y-chromosome and
mitochondrial variability. More recently, these studies
were focused on X-chromosome variation, and provided
useful information regarding the genetic composition
of Latin American populations and their relationship
with American, Asian and European populations.
This information has not been previously reviewed
in detail. Therefore, the aim of the present review is
to summarize our current knowledge concerning the
X-chromosome markers in Latin American populations
and their significance in terms of genetic relationships
between these populations and their evolution. In the
next sections we will refer in detail to the main findings
concerning different X-chromosome polymorphisms in
Latin American populations. A summary of the reports
included in this work in reference to X-chromosome
variation in Latin American populations is listed in
Table 1.
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Table 1. sSummary of the articles included in this work listed by the first author. Type of polymorphisms, analyzed populations, and main
contributions are detailed.

Reference

Type/s of
polymorphism/s

Population/s analyzed

Main contributions

AguilarVelazquez
etal. 2022

Amorim et al.
2011
Baeta et al. 2021

Battilana et al.
2006

Bobillo et al. 2011

Bryc et al. 2010

Cainé et al. 2010

Caputo et al. 2021

Casals et al. 2022
Casto et al. 2010

Catanesi et al.
2007

Coérdoba et al.
2012

Cortés-Trujillo et
al. 2019

Di Santo Meztler
etal. 2018

Di Santo Meztler
et al. 2019

Ferragut et al.
2019

Flores-Espinoza et
al. 2021

Freitas et al.
2010a

Freitas et al.
2010b

Garcia et al. 2019

Gaya-Vidal, M.et
al. 2010

STRs

STRs

STRs

ALU insertions

STRs

SNPs

STRs

INDELs

STRs

SNPs

STRs

INDELs

STRs

ALU insertions,

INDELs and SNPs

STR

ALU insertions and
STRs

INDELs and STRs

INDELs

INDELs

STRs

ALU insertions

Mestizo (admixed) individuals from Mexico

Amerindians and admixed populations
from the Central Valley of Costa Rica and
Southern Brazil

Native American and Mestizo groups of
Central America

Native American, Northern Arctic, and
several other populations as outgroups

Argentinians

populations from Puerto Rico, the
Dominican Republic, Ecuador, and
Colombia

Brazilians (non-Amerindians) from Rio
Grande do Sul and Amerindians from
Brazilian population

Argentinean individuals living in urban
areas

El Salvador, Central America

CEPH-HGDP populations (including Native
American and Colombian populations)

Gran Chaco Amerindians
Colombians

Different geographic regions of Mexico

Northeast Argentina

Northeast Argentina

north-western Argentina

Ecuadorian Mestizo populations

Brazilian Amazon

Brazilian Amazon and urban populations

Argentinians from all regions

Native Americans from the Bolivian
Altiplano

female genotypes and male haplotypes with 100%
discriminatory capacity

Lower genetic diversity and higher proportion
of linkage disequilibrium in Native than admixed
populations

X-chromosome database for Central American
populations

Importance of genetic flow and of dispersive
processes (genetic drift and founder effects) for
the differentiation of Native American populations

High power of exclusion, and usefulness for
kinship tests and human identification

Significant sex bias in admixture proportions.
Lower linkage disequilibrium in populations of
higher African ancestry

Pattern of variation consistent with the known
historical migrations from Portugal to Brazilian
region of Santa Catarina

Differential ancestry contribution between
autosomal and X-markers. More important
Native American and African contribution in
X-chromosome

Gender-biased admixture pattern, with the lowest
FST values for El Salvador

Selection and demographic processes are partially
responsible for allele frequency differences

Genetic structure in agreement with the
geographic distribution of the populations

European and Amerindian contribution to the
current gene pool of the studied population

Homogeneity of variation, and usefulness
for constructing a global Mexican population
database (Fst p-value >0.05) for forensic casework

INDEL and SNP variation differentiate populations
within the country, while Alu-insertions are
helpful in ancestry studies

A high level of genetic variability, with
differentiation between Native Americans and
urban populations, and also between Native
populations

A high Native American component for Salta
population. Helpful for forensic purposes in north-
western Argentina

Significant levels of linkage disequilibrium
between the studied markers

Statistical parameters agree with estimations
from other populations. Usefulness of panels for
forensic use

Construction of haplotypes show different
admixture models for Amerindians and urban
populations

High gene diversity. Provide a database for
Argentinians, with highly discriminatory genetic
information

A high genetic similarity for the two studied

populations, with a big differentiation from the
Quechua-speakers from Peru
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Table 1. (continues) Summary of the articles included in this work listed by the first author. Type of polymorphisms, analyzed populations,
and main contributions are detailed.

Reference

Type/s of
polymorphism/s

Population/s analyzed

Main contributions

Glesmann et al.
2013

Gusmao et al.
2009

Homburger et al.
2015

Ibarra et al. 2014

Kehdy et al. 2015

Leite et al. 2009

Martinez et al.
2019

Martins et al.
2009

Martins et al.
2010

Martins et.al 2017

Medina-Mora et
al. 2021

Moreno-Estrada
et al. 2013

Nufiez et al. 2013

Ongaro et al. 2021
Penna et al. 2012

Pereira and Pena
2006

Pereira et al. 2006

Pico et al. 2008

Resano et al. 2016

Resque et al. 2010

Ribeiro Rodrigues
et al. 2008
Ribeiro-Rodrigues
etal. 2011

STRs

STRs

SNPs

INDELs

SNPs

STRs

INDELs

STRs

STRs

STRs

STRs

SNPs

STRs

SNPs

STRs

STRs

ALU insertions

STRs

ALU insertions

INDELs

STRs

STRs

Native American population from
Argentinian Chaco

Argentina, Brazil, Colombia, Costa Rica,
Portugal, and Spain

Colombia, Ecuador, Peru, Chile, and
Argentina

Colombian populations

Brazilian populations

non-Amerindian Brazilians, and
Amerindians from Brazil, Argentina, and
Paraguay

Brazilian population
Brazilian population

Southeastern region of Brazil

Mato Grosso, Brazil

Mexico
Greater Antilles, Honduras, Colombia, and

three Native South American populations

Nicaragua

American
South Brazilian population

Brazilian geographical regions, and several
populations from the world

populations from 7 regions of the world

Colombian population

Argentinean population

African, European, Native American, and
Brazilian populations

Admixed Brazilian populations

Brazilian populations

High homozygote proportion and high linkage
disequilibrium found in Wichi

High discrimination power for all populations.
High mean exclusion chance in duos and trios of
paternity test

Differentiation among different South American
urban populations concerning Native ancestry

A highly diverse genetic background in all admixed
populations. X-chromosome contributions from all
continental sources

Sex-biased mating pattern, between males with
predominant European ancestry and women with
predominant African or Amerindian ancestry

Demographic histories have significant effects
on linkage disequilibrium levels. Provide a first
approach to the X-chromosome ancestry of
Brazilians

High diversity and a high forensic efficiency for
the Sao Paulo population

High power of discrimination in males and
females. Usefulness in human identification

Differences between Brazilians and other
populations, and also among different Brazilian
populations. High potential for forensic purposes

Usefulness of Decaplex, no need for a specific
forensic database, except for the population of Rio
de Janeiro

Highly informative markers for use in forensic
casework

A higher proportion of Native American ancestry
on the X chromosome than on the autosomes

Usefulness of the Decaplex for forensic purposes.
Warn on a possible stratification among

Latin American populations, as they are not
homogeneous

Complexity in the post-colonial admixture
dynamics

Particular allele frequencies, highly informative
markers

Strong linkage disequilibrium between certain
pairs of markers useful for constructing
haplotypes

Worldwide frequency distribution of a new
polymorphic Alu insertion

High discrimination power, and high mean
exclusion chance in duos and trios. Usefulness in
forensic and kinship analysis

X-chromosome variation helps revealing
demographic histories. Importance of Native
American and African ancestry components

Usefulness for admixture estimations in Brazilian
populations, and, in general, for a colonization
model with sex-biased admixture

Usefulness for paternity investigations and
complex forensic cases

High power of discrimination, potential use in
forensic and paternity casework
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Table 1. (continues) Summary of the articles included in this work listed by the first author. Type of polymorphisms, analyzed populations,

and main contributions are detailed.

Type/s of Population/s analyzed

polymorphism/s

Reference

Main contributions

Ribeiro-Rodrigues INDELs African, European, Native American, and
et al. 2009 Brazilian populations
Rojas et al. 2010 STRs Native American and admixed Colombian

populations

Santos-Lopes et ALU insertions and

al. 2007 STRs worldwide

Tavares et al. 2008 STRs Brazilian population

Wang et.al 2010 STRs Native Americans

Wang et.al 2008 STRs Mestizo populations

Yang et.al.2010 STRs Native American populations along

American continent

populations from seven regional groups

Usefulness to measure ancestry proportions in
three-hybrid populations

Sex bias in admixture proportions, involving
predominantly Native American women and
European men

Identification of a region of low recombination
rate in the long arm of the human X chromosome

High discrimination power, and high exclusion
chance in duos and trios. Useful for forensic
casework

Low diversity and high linkage disequilibrium in
Native American communities

Marked variation in ancestry both within and
between mestizo populations

A north to south gradient of decreasing
population diversity

STRs

The information available on X-chromosome STRs
mostly focuses on the production of local databases
that render good power of discrimination for forensic
purposes and in cases in which paternity testing is
deficient (refer to Szibor et al.,, 2003; Szibor, 2007;
Ribeiro-Rodrigues et al., 2008; Tavares et al., 2008;
Gusmadoetal.,2009; Martinsetal.,2009; Cainéetal.,2010;
Bobillo et al., 2011; Garcia et al., 2019; Medina-Mora et al.,
2021; among others). For Latin American populations,
several reports refer to X-STR polymorphisms mainly
on admixed communities and, to a lesser extent,
on native tribes. Among the first efforts analyzing
X-chromosome variability, Wang et al. (2008) provided
interesting results on the variation of a high number
of STRs in 13 Latin American populations, including
29 of the markers located in the X-chromosome. This
work showed the existence of a sex bias in the ancestry
components of the chromosomes with different mode
of inheritance, with a much higher Native American
and African proportion of genetic variation in the
X-chromosome than in the autosomes. This bias is
present in many admixed Latin American populations,
and is a consequence of the predominance of Native and/
or African women, and European men giving rise to the
first admixed populations at the time of colonization of
the continent, given that women contribute double of
X-chromosomes than men in each generation (Wang et
al., 2008, Hedrick, 2017).
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Another important contribution on X-STRs was the
study of a set of 10 markers designed by Gusmao et al.
(2009) for comparing 11 South American populations,
together with data from four European and one African
population. Pairwise genetic distances showed a
relationship within Argentina (Buenos Aires, Misiones,
Rio Negro, Cordoba, Entre Rios, and Parana), and within
Brazil (Mato Grosso do Sul, Sdo Paulo, Rio de Janeiro) for
the populations included in the analysis. Costa Rica and
Antioquia (Colombia) populations showed the shortest
genetic distance with Argentinian populations, while
the European populations were positioned between the
Argentinian and Brazilian ones. However, particularly for
Argentina, significant distances were found by Bobillo et
al. (2011) using the same set of STRs, when comparing
Argentinian with Spanish and Portuguese populations,
likely because of the admixture process with Native
Americans and other non-European communities living
in Argentina until present. In the same way, an analysis
of 12 X-STRs included in the Investigator Argus X-12
kit (Qiagen, Germany) suggested a Native American
component for the Argentinian population from Salta
province. The sign of a Native American contribution
was the finding of alleles which were only described
for populations of South American origin in four of
the 12 markers (DXS10079, DXS10134, DXS7132, and
DXS10148) which are then interpreted as variants of
Native American origin (Ferragut et al., 2019). On the
other hand, the same set of 12 X-STRs (Investigator Argus
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X-12) was used for analyzing admixed populations from
all provinces of Argentina, which notably did not show
significant differences among them when they were
grouped geographically in four regions (Garcia et al.,
2019).

Concerning populations from Brazil, they are in a
closer relationship with Africans than those of other
South American countries, given the past history of
intense slavery in this country. When 16 populations
covering the five geopolitical regions of Brazil were
analyzed using 12 X-STRs, significant values of genetic
structure were found for the whole country, mainly as
a consequence of differentiation from north to south of
the Brazilian territory (Ribeiro-Rodrigues et al., 2011).
Other reports on X-STRs from different regions of
Brazil complemented this information pointing out the
high variability (Pereira and Pena, 2006), proven by a
number of unique haplotypes and a particular diversity
of each region (Martins et al., 2010). It is noteworthy
that some X-STR markers presented population-
specific alleles such as a single-base deletion in one of
the repetitive motifs, giving rise to incomplete alleles
(for example, alleles named 16.3, 17.3, and 18.3 instead
of alleles 17, 18, and 19 for DXS7132). These alleles were
described only for individuals who were born in Brazil,
and thus considered to be of a Native American origin, as
they were not reported for Europeans, Asians or Africans
(Gomes et al., 2009; Gusmao et al., 2009; Chr-XSTR.
org). These singularities are due to miscegenation of
different groups, being an example the population from
Rio Grande do Sul, where immigrants came mainly from
Portugal, Italy and Germany (Penna et al., 2012), while
in the Mato Grosso region the initial immigration came
from Spanish and Portuguese individuals (Martins et al.,
2017). Similar findings were reported for populations
of the north of Argentina, where important differences
on native contribution (between 30% and 72%) were
reported for Catamarca, Tucuman and Salta, three
provinces from the northwest of the country (Wang
et al., 2008). Moreover, genetic distances for 10 STRs
in populations of Northeast Argentina revealed the
influence of both the different geographical origin of
immigrants and the particular processes of settlement,
separating the locality of Misiéon Nueva Pompeya in the
province of Chaco from other populations of the same
region (provinces of Corrientes and Misiones), and even
from the capital city of the province of Chaco (Di Santo
Meztler et al., 2019).

Another factor adding variation among populations
within regions of South America is the relatively elevated
level of genetic drift that characterizes Amerindian
populations, as it has been reported by Santos-Lopes
et al. (2007). These authors identified seven X-STRs
located on Xqg21, and four of them, together with
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one Alu insertion polymorphism (spanning a 47 kb
interval), resulted in complete linkage disequilibrium,
thus providing a highly informative X-chromosome
haplotype for inferring human phylogeography. They
performed a worldwide analysis of this linked block
(four STRs and one Alu marker) in 667 males from the
CEPH Human Genome Diversity Panel, representing 52
different populations from Africa, Europe, Middle East,
Central and South Asia, East Asia, Oceania and America
(the Karitiana Native population was excluded from
the analysis), and found the lowest haplotype diversity
among Americans: 0.839 (the highest in Africa: 0.992),
and the highest molecular variance among populations
from America (15.29%) in contrast to the lowest among
Eurasian populations (1.06%) (Santos-Lopes et al.,
2007). The results reported for America in their work
gave clear evidence of the genetic drift process that
affected Native American populations which are isolated
from other communities. Several other reports on
STR markers also give support to the high influence of
genetic drift causing a reduction in diversity, not only
on the X-chromosome (Catanesi et al., 2007), but also
on different regions of the genome of native populations
(Dejean et al., 2004, Catanesi et al., 2007, Demarchi et al.,
2009).

About Colombian population, a study on 10 X-STRs
in the Department of Santander resulted in significant
differences in comparison with Spanish, Peruvian, and
Argentinian data (Pico et al., 2008). These differences
are likely due to Native American contribution, which is
higher for X-chromosome markers than for autosomes,
as is the case of other Latin American countries (Rojas et
al., 2010).

Other reports refer to Latin American populations
from Central America. In a study on an admixed sample
of Nicaraguan individuals, significant genetic distances
were found for Native American tribes (Colla, Toba,
Kichwa and Waorani), as well as for populations from
Asia and Africa (Nuafiez et al., 2013). On the other hand,
Nicaraguans resulted closer to an Argentinian sample
from Rio Negro province, to Costa Rica, and to the
Colombian department of Antioquia (Nufiez et al., 2013).

Another report which included admixed populations
from Guatemala, El Salvador, Nicaragua, and Panama,
showed that the Panama population resulted more
closely related to Colombian population than to the
other three Central American populations (Baeta et al.,
2021). In the same analysis, a Native American group
from Guatemala showed signs of genetic drift and
isolation, as it commonly happens with South American
native communities (Baeta et al., 2021).

Concerning Mexico, an analysis of five X-STRs on
the admixed population from the western part of the
country reported significant genetic distances in a
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comparison with data from Argentina (Bobillo et al.,
2011), African-Americans (Diegoli et al.,, 2014), and
Brazilians (Martins et al., 2017), pointing out that
these results are the consequence of an important
multiethnic colonization process which occurred in
that part of Mexico (Medina et al., 2021). This work
also reported a sex bias in the genetic composition of
the X-chromosome of Mexican people. Another report
spanning along different regions of Mexico, performed
a forensic validation of the Argus kit (Qiagen), and
found certain homogeneity among subpopulations from
North, South, East, and West Mexico (Cortés-Trujillo
and Zuiiga-Chiquette, 2019). More recently, a study of
seven X-STRs on 105 individuals from Monterrey city
was performed through massive parallel sequencing
(MPS), together with a group of markers located on
autosomes and Y-chromosome. MPS provides a greater
amount of information than other analyses, although
this technique is so far infrequently used for analyzing
Latin American populations (Aguilar-Velazquez et al.,
2022). In this study, the number of alleles reported for
the population of Monterrey was higher than that of
other populations from Latin America (Peru), Europe
(Spain and France) and Asia (Tibet).

Other works that present X-STRs data for different
Latin American countries show a similar bias in gender
admixture, with X-chromosome showing a larger Native
and African component than autosomes, as already
described (Casals et al., 2022). Particularly, El Salvador
did not show any regional division within the country
(Casals et al., 2022).

In regard to South American Native populations, the
available information on X-STRs refers predominantly
to communities from Colombia, Brazil and Argentina,
and, to a lesser extent, to those from other countries
(Chile, Bolivia, Venezuela). Besides the phylogeographic
analysis reported by Santos-Lopes et al. (2007), an
integrative analysis from Yang et al. (2010) collected
data from six communities from the northwest of
South America (including Zenu, Wayuu, Kogi, Embera,
Waunana, and Arhuaco, together with two more from
Central America), four Andean (Inga, Quechua, Aymara,
and Huilliche), and four southeastern (Ticuna, Aché,
Guarani, Kaingang). This report compared the variation
of different portions of the genome, including 38 X-STRs,
and evidenced an intermediate level of diversity for
X-STRs, with an important correlation between genetic
variation from autosomes and the X-chromosome
(77%), in contrast to what was observed between other
compartments, such as the Y-chromosome and the
mitochondrial DNA (1%). Besides, this work confirmed
the gradient in diversity previously reported from the
north to the south of the continent (Yang et al., 2010).

Amorim et al. (2011) analyzed X-STR variation
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on three native communities from Colombia (Kogi,
Wayuu, and Zenu), in comparison to data from admixed
populations from Costa Rica (Central Valley) and Brazil
(Southern Gaucho), and described one haplotype block
between Xp22.22 and Xp22.3, and a second one between
Xp11.4 and Xq21.1, which were only observed in the
Native populations. This particular pattern of linkage
disequilibrium remarks that a process of genetic drift
occurred in isolated Amerindian communities (Amorim
et al., 2011). This increase in linkage disequilibrium
values in X-chromosome markers was also reported
for Amerindians from other South American countries
(Leite et al., 2009; Wang et al., 2010; Glesmann et al.,
2013; Caputo et al., 2021).

In the Gran Chaco region of Argentina, a study on five
X-STRs showed a genetic structure for Native groups
according to their geographic location, being Ayoreo
and Lengua from Paraguay separated from Chorote and
Wichi from the Argentinian province of Salta, and in a
more southern position, from Mocovi in the province of
Santa Fe (Catanesi et al., 2007). In another work, a more
extensive analysis of the 10 STRs reported elsewhere
(Gusmdo et al., 2009) for the Argentinian Wichi and
Mocovi communities showed high percentages of
homozygosity and linkage disequilibrium. A conspicuous
random reduction in the genetic variation resulted not
only in significant differences when they were compared
to Argentinian urban populations, but also when both
native communities were compared to each other, being
a typical picture of the action of genetic drift (Glesmann
etal., 2013).

The relatively high mutation rate of STR
polymorphisms make X-STRs very helpful, not only
in solving paternity cases when the alleged father
is missing, but also in population studies. These
genetic markers proved their usefulness in analyzing
the processes of genetic flow and genetic drift that
occurred within South America from the start point of
colonization, 500 years before present.

SNPs

In general, linkage disequilibrium tends to form blocks
of sequences extending from a few kilobases to tens
of them, with a very low recombination rate. This
is particularly frequent along the non-recombining
region of the X-chromosome, given the absence of
recombination with Y-chromosome, thus having a low
recombination rate in comparison to autosomes, with
a tendency to form linked haplotypes (Szibor, 2007;
Gabriel 2002). Thus, a block of a few tens of kb in the
X-chromosome, which probably contains between 50
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and 100 SNPs, can be very informative (Schaffner, 2004).

It is widely known that admixed Latin American
populations show a sex bias in genetic information other
than autosomal, given the origin of admixed populations
during colonization by Spaniards. This bias has been
demonstrated for the X-chromosome in an analysis
of arrays including more than 500,000 SNPs along the
whole genome (Bryc et al., 2010), where the contribution
resulted clearly biased to Native American and/or
African ancestry. This imbalance in sex contribution
has been described in different reports for populations
from The Caribe -Mexico, Ecuador, Colombia, Puerto
Rico, Republica Dominicana, Cuba, Honduras, Haiti
(Moreno-Estrada et al., 2013), supporting a more
important contribution of native women to the current
Latin American heritage.

Particularly for Argentina, and in a previous report,
Seldin et al. (2007) determined the contribution to
Argentinian’s genome of three parental populations
(Native American, European, and African) by selecting
a set of SNPs for drawing up ancestral informative
markers (AIMs). Eight out of 78 SNPs were located in
the X-chromosome, including rs3747295, rs1978240,
1S734329, rs5981813, r$992864, rs2380316, rs1867024,
and rs762656. The global results showed a major
European contribution (78%), followed by Native
American (, 19.4%), and African (2.5%). Particularly,
the X-SNPs showed a wide range of F distances (from
0.00 to 0.92) between Native Americans and European
Americans, including low F  values in some cases (e.g.
rs1867024 -0.02-, r$992864 -0.05-, and rs1978240
-0.08-), intermediate F_, values in some others (e.g.
rs5981813 -0.31- and rs3747295 -0.33-), while other
SNPs resulted with high F, values (e.g. rs2380316
-0.65-, 15734329 -0.67-, and rs762656 -0.68-). In a
comparison with Argentinians, these AIMs resulted
more similar to Europeans (Seldin et al., 2007).

In fact, the variation observed in X-SNPs in CEPH-
HGDP database is higher than in autosome SNPs,
which could be explained as an effect of genetic drift,
acting more intensely on X-chromosome variants (Li
et al., 2008). More than 16,000 SNPs from the non-
pseudoautosomal region of X-chromosome were
analyzed in 51 populations of the CEPH-HGDP, including
Native American populations from Mexico (Pima and
Maya), Colombia (Piapoco and Curripaco), and Brazil
(Karitiana and Surui) (Casto et al., 2010). An analysis of
variance using SNPs showed a lower within-population
component of the variation for X-chromosome than
for autosomes. This is related to selective sweeps on
X-chromosome that can occur in males, thus reducing
its variability to a greater extent than for autosomes.
Therefore, interpopulation differentiation can be more
informative in the X-chromosome, and that is why it is
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important to consider its variation in population studies.

In the case of Brazilians, not only a Native component
is present in their genome but also an African one, as it
was reported for three populations (Salvador, Bambui
and Pelotas) on autosome and X-chromosome SNPs
(Kehdy et al., 2015). The analysis of 5,729 X-SNPs plus
331,790 autosomal SNPs showed a much higher African
and Native component in the X-chromosome than in
autosomes. This is consistent with a major contribution
of African and Native X-chromosomes to current
Brazilian populations than autosomes, according
to its lower recombination rate and the important
contribution of non-European women to current Latin
American populations. Similar findings were reported
by Homburger et al. (2015) using 694,834 SNPs in 437
admixed individuals from five countries (Colombia,
Ecuador, Peru, Chile, and Argentina), to explore the
population structure and demographic history of
South American Latinos. By applying ancestry-specific
Principal Component Analysis, they found that most
of the European ancestry in South American Latinos
was from the Iberian Peninsula, even though many
individuals trace their ancestry back to Southern Europe,
especially within Argentina (Homburger et al., 2015).

In another study on the Hispanic Community Health
Study/Study of Latinos (HCHS/SOL), which included
people living in the United States of America, a different
contribution of ancestry for 2,233 X-chromosome SNPs
was reported according to the procedence of individuals.
This study revealed a higher African contribution in
Caribbean people from Cuba, Dominicana and Puerto
Rico, and a lower African contribution in continental
countries of South America and Mexico (Conomos et al.,
2016).

A study on different kinds of X-chromosome markers
in three populations of Northeast Argentina was carried
out with 15 X SNPs (rs6639398, rs5986751, 1$5964206,
19781645, r$2209420, r$1299087, rs318173, rs933315,
r$1991961, rs4825889, rs1781116, rs1937193, rs1781104,
rs149910, and rs652) (Di Santo Meztler et al., 2018).
In 198 individuals from three different locations
in Northeast Argentina (Corrientes, Posadas, and
Eldorado), the SNPs showed significant F_ values for the
comparison between Posadas and Corrientes, and also
a genetic structure was found within the population of
Eldorado. For this reason, it was necessary to separate
Eldorado samples according to the origin of the reported
grandparents into: donors who knew that their four
grandparents were German and/or Swiss, and donors
who did not know the origin of all four grandparents (Di
Santo Meztler et al., 2018). Thus, X-SNP variation was
informative for differentiation within a region of the
country.

According to Backenroth and Carmi (2019), sex-
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biased admixture does not allow testing for Hardy—
Weinberg (H-W) equilibrium on X-chromosome.
Therefore, in American populations, although more
than five generations have passed since colonization,
some of the X-SNPs have not reached equilibrium or
have been affected by lower and more recent gene flows.

Very recently, in an analysis of populations from
different Latin American countries (Argentina, Barbados,
Brasil, Chile, Colombia, Dominicana, Ecuador, Mexico,
Perd, Puerto Rico) using SNPs located in autosomes
and in the X-chromosome, Ongaro et al. (2021) tested
different statistical methods of analysis for obtaining
more evidence of the higher contribution from Native
American females in X-chromosome and, inversely,
the higher proportion of European male contribution in
autosomes. A more important unbalanced contribution
was reported for populations from Chile, Colombia and
Ecuador, and less remarkable for those from Mexico and
Peru (Ongaro et al., 2021).

In general, the SNP polymorphisms mostly used
for populational studies are biallelic, and thus it is
considered that they emerged from a single mutation
event in the past of the history of humanity. When it
is possible to recognize the ancestral allele, SNPs can
help to differentiate the origin of the populations under
study, giving the possibility to differentiate the three
main ancestors of current South American populations.

INDELS

In an extensive and pivotal study, Weber et al. (2002)
identified and characterized 2,000 human diallelic
INDELs distributed throughout the human genome in
Europeans, Africans, Japanese, and Native Americans,
where new alleles were generally lower in frequency
than old alleles. The accuracy and stability of this kind of
marker enable researchers to identify predecessors and
descendants in historically demographic studies (Yang
etal., 2016).

There are several reports concerning X-chromosome
INDELs polymorphisms in populations from Brazil,
Colombia, Ecuador, and Argentina. Ribeiro-Rodrigues
et al. (2009) analyzed 13 X-chromosome INDELs by
PCR multiplex in different populations of Africans,
Europeans, and Native Americans, revealing high
inter-population variability. These authors analyzed
663 samples, including 151 African, 149 European, 176
Native American, and 187 Brazilian (from Belém), and
found that these INDELs exhibited high differentiation
between ancestral populations, thus allowing its use
to measure ancestry proportions in three-hybrid
populations, as it was the case of Belém and other Latin

ARTICLE 5 - REVIEW

American populations. The estimated proportions
of X-chromosomes in an admixed population from
the Brazilian Amazon region showed a predominant
Amerindian contribution (41%), followed by European
(32%) and African (27%) contributions. The observed
41% Amerindian contribution based on X-linked
data was consistent with the expected value based
on previous mtDNA and Y-chromosome information
(Santos et al., 1999). The Native American and African
ancestry proportions in the Belém population, based
on X-chromosome information, resulted in higher
percentages than those previously estimated for
autosomal contributions, in accordance with the sex-
biased mating pattern already mentioned for Latin
American admixed populations (e.g., Marrero et al.,
2007; Corach et al., 2010, Caputo et al., 2021, Flores-
Espinoza et al., 2021). These results are in agreement
with those obtained by Wang et al. (2008), in an extensive
analysis of 13 mestizo and 26 Amerindian populations
from Latin America, where Native American and African
contributions were always higher for X-chromosome
than for autosomes.

In addition, Freitas et al. (2010a) developed a
33-INDELs marker panel for the X-chromosome in a
single PCR multiplex reaction, followed by capillary
electrophoresis, to genotype a sample of 351 individuals
(249 males and 102 females) of a mixed population
also from the Brazilian Amazon. They chose physically
close markers in an attempt to identify INDEL blocks
with pronounced linkage disequilibrium in allele
transmission. Using these criteria, they selected six
possible marker blocks. After correcting for multiple
analyses, only one marker (MID3756) showed significant
H-W disequilibrium. Their results demonstrated that
the measurement of statistical parameters for forensic
use in this population is compatible with prior estimates
from other populations using current X-STR panels. The
33 X-INDELs were also analyzed in 185 individuals from
indigenous tribes of the Brazilian Amazon, in order to
define linkage disequilibrium between the blocks. Their
results demonstrated that among the markers, only
twelve pairs had significant linkage disequilibrium.
These authors were able to identify seven linked groups
containing two and three polymorphisms each (Freitas
et al., 2010b). Their results for Native American tribes
differ from those previously found for the population of
Belém, since the Amerindians have low intra-population
genetic diversity, and different mixing models can create
different patterns of linkage disequilibrium according to
the population studied.

Also in 2010, Resque et al. analyzed a sample of
461 individuals of European, African, and Native
American populations using X-chromosome markers
and identified four linkage groups. The data obtained
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were used to describe the ancestral contribution of
populations from four different geographical regions
of Brazil: north (146 from Parad state), northeast
(235 from Ceara and Pernambuco states), southeast
(226 from Sao Paulo and Minas Gerais), and south
(138 from Rio Grande do Sul). These authors selected
three possible marker blocks based on the following
criteria: (i) physical location on the X-chromosome,
with a maximum distance of 225 Kb between them; (ii)
heterozygosity in parental populations >30%; and (iii)
allele length variation of 2-30 base pairs. The expected
heterozygosity in parental populations was larger in
Africans (36.3%) and Europeans (28%) than in Native
Americans (17.1%). These results were likely due to the
known population reduction effect in indigenous people
during the migration to the American continent. Among
the admixed Brazilian populations, heterozygosity is
slightly larger in samples from the northeast (41.2%)
and the southeast (39.6%) than in those from the
north (32.5%) and south (29.5%). In the north region,
a large Native American ancestry was observed (42%).
The northeast and southeast regions had low Native
American contribution (27% in both of them). In the
south region, there was a large European contribution
(46%). Overall, the results by Resque et al. (2010) showed
that, considering X-chromosome markers, European
ancestry averaged 39%, African ancestry averaged
29%, and Native American ancestry averaged 32%. The
estimates obtained were compatible with expectations
for a colonization model with biased admixture between
European men and Native American and African women,
so the authors concluded that the 24 X-INDELs panel
described by them could be a useful tool for studying
interethnic admixture in Brazilian populations.

In 2019, Martinez et al. studied a population sample
of 500 unrelated Brazilian individuals from Sdo Paulo
using 32 X-INDELs, and found no deviations from the
H-W equilibrium, except for the MID1361 marker,
and observed lower genetic distances when they were
compared to the Colombian admixed and European
populations than to Native American, Asian, or
African populations. Ancestry analysis revealed 41.8%
European, 31.6% African, and 26.6% Native American
contributions. In conclusion, the 32 X-INDEL markers
presented high variability in the S3o Paulo population
and a high forensic efficiency. The results of genetic
distance analysis and ancestry estimates showed a
closer proximity of this population to European than to
Native American or African populations.

On the other hand, Rojas et al. (2010), in one of the
largest surveys of admixture carried out so far in a
Latin American country, evaluated ancestry in over
1,700 individuals from 24 Colombian populations using
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biparental (autosomal and X-chromosome), maternal
(mtDNA), and paternal (Y-chromosome) markers.
They found that autosomal ancestry varies markedly
both within and between regions, confirming the great
genetic diversity of the Colombian population. The
X-chromosome, mtDNA, and Y-chromosome data
obtained showed that there is a pattern across regions
indicative of admixture involving predominantly Native
American women and European and African men. In
particular, eight X-linked STRs were genotyped in
385 males as previously described in detail in Collins-
Schramm et al. (2002). These data showed that, for
all populations, Native American ancestry on the
X-chromosome is higher than on the autosomes. The
higher Native and African ancestry estimated from
X-chromosome markers, compared with autosomes,
agrees with the sex-biased admixture at the origin of
the populations examined inferred from the mtDNA
and Y-chromosome data (Bedoya et al., 2006; Wang
et al., 2008). Moreover, Cérdoba et al. (2012) analyzed
the genetic composition of 306 residents (all males)
from Cauca (Colombia) using different variants,
including 34 autosomal, nine in the X-chromosome,
six mitochondrial, and eight in the Y-chromosome.
These authors showed that the European (average
57.3%) and Amerindian (average 32%) populations
have contributed in greater proportion to the current
gene pool than the African ones (10.7%). Regarding
the individual mixture, these authors observed that
the African component was very homogeneous in all
individuals, with greater variation in the Amerindian
and European contributions. In addition, Ibarra et al.
(2014) examined 11 urban admixed populations and a
Native American group called Pastos, for 32 X-INDELs
to deeply understand the genetic background of
Colombia. They studied 869 unrelated individuals and
found a highly diverse genetic background comprising
all admixed populations, harbouring important
X-chromosome contributions from all continental
source populations. Indeed, Colombia is genetically sub-
structured, with different proportions of European and
African influxes depending on the regions. The samples
from the North Pacific and Caribbean coasts have a high
African ancestry, showing the highest levels of diversity.
The sample from the South Andean region showed the
lowest diversity and significantly higher proportion of
Native American ancestry than those from the North
Pacific and Caribbean coasts, Central-West and Central -
East Andean regions, and the Orinoquian region. The
results of the admixture analysis using X-chromosome
markers suggest that the high proportion of African
ancestry in the North Pacific coast was primarily male
driven. These men have joined to females with higher
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Native American and European ancestry (likely classic
colonial asymmetric mating type). This high proportion
of male-mediated African contributions is atypical
of colonial settings, suggesting that the admixture
occurred during a period when African people were no
longer enslaved. In the remaining regions, the African
contribution was primarily female mediated, whereas
the European counterpart was primarily male driven
and the Native American ancestry contribution was not
gender biased.

Concerning Argentina, Di Santo Meztler et al. (2019)
analyzed five X-INDELs (MID193, MID1705, MID3754,
MID3756 and MID1540), together with other types
of markers, from three Argentinian northeast cities
already mentioned above. They reported no deviations
from H-W equilibrium for Posadas and Corrientes,
but deviations for Eldorado were given by an internal
substructuring with two groups of different origin, one
showing higher similarity with European countries,
and the other more similar to Posadas and Corrientes
populations.

More recently, Caputo et al. (2021) compared data
obtained using 33 X-INDELS previously reported by
Freitas et al. (2010a) with data from 30 autosomal-
INDELS chosen from previous reports (Santos et al.,
2009, 2015; Pereira et al., 2012; Ramos et al., 2016) to
analyze their potential use for ancestry determination
in Argentinian populations. They were able to quantify
the different contribution of Europeans, Native
Americans and Africans in three regions of Argentina,
being the north the region that showed much higher
non-European components (38.81% European, 55.88%
Native, and 5.31% African for X-INDELS), while the
Centre showed intermediate values (52.96% European,
37.98% Native, and 9.06% African for X-INDELS) and
the south was the region with the highest European
component (64.76 European, 29.42% Native, and 5.82%
African for X-INDELS). Concerning pairwise differences
within populations, they found an important diversity
in all three regions of the country, given by individual
differences in African and Native American components
(Caputo et al., 2021). These authors proposed that the
time since admixture and the model of admixture used
for the analysis are factors involved in the differences
observed when comparing ancestries from X-INDELS
and autosomal-INDELs.

INDELSs are considered as a unique event of insertion
or, alternatively, deletion of a particular sequence
of nucleotides in a precise region of the genome.
Therefore, they are very helpful for recognizing different
continental ancestries within a population, especially
for those located in the X-chromosome, where selective
sweeps have a deeper effect than in the autosomes.
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ALU INSERTIONS

At present, there are only a few studies published
concerning Alu insertion polymorphisms in the
X-chromosome in Latin American populations. Pereira
and Pena (2006) described a polymorphic Alu insertion
embedded in a LINE 1 (L1) retrotransposon (DXS225,
flanked by two microsatellites) on Xq21.3, and genotyped
684 males from the CEPH Human Genome Diversity
Panel. Although this Alu insertion was found in all
regions of the globe (namely Africa, Middle East, Central
Asia, Oceania, Europe and America) only one of the five
Amerindian populations studied (Karitiana) showed the
insertion allele. Therefore, it is assumed that this allele
has been introduced in this population by European and/
or African admixture since the Karitiana had contact
with European and African descendants in the early 20"
century, and that it was absent from pre-Columbian
Native Americans (Pereira et al.,, 2006). In addition,
the combination on the X-chromosome of a unique
event polymorphism in linkage disequilibrium with
two fast evolving microsatellites could make DXS225
a valuable tool to evaluate genetic diversity of human
populations and a highly informative tool for studies on
human evolution. A year later, the same research group
(Santos-Lopes et al., 2007) increased the resolution
power of their X-chromosome molecular analysis, as
it has been explained in the STRs section. Through the
combination of an X-Alu polymorphism of very low
mutation rate with X-STRs of much higher mutation
rate, these authors were able to support a single origin of
modern man in Africa, and to identify a series of founder
effects which occurred during migrations to occupy the
other continents (Santos-Lopes et al., 2007).

In 2010, Gaya-Vidal et al. investigated autosomal and
X-chromosome Alu insertions in 192 individuals from
two Amerindian populations of the Bolivian Altiplano,
Aymaras and Quechuas (the two main Andean linguistic
groups). Their study provided the first data on 14 X-Alu
polymorphic elements in Native Americans, to establish
if the Alu variation among South Amerindians exhibits
some geographical or linguistic structure. These authors
analyzed 18 autosomal and 14 X-Alu insertions. The two
Bolivian samples showed a high genetic similarity for
both sets of markers and were clearly differentiated
from the two Peruvian Quechua samples available in
the literature (Battilana et al., 2006). Thus, no clear
geographical or linguistic structure was found for
the Alu variation among South Amerindians, which
indicates that languages may not be congruent with the
genetic features of the populations. With few exceptions
(two polymorphisms), X-Alu insertions showed lower
heterozygosity proportions compared to Alu insertions
located in autosomes, with average values of 0.12 vs.
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0.20 in Bolivian populations (Gaya-Vidal et al., 2010).

Concerning Argentinians, three reports refer to X-Alu
variabiliy. Resano et al. (2016), analyzed 10 Alu insertions
from the X-chromosome in the population from the city
of Bahia Blanca (province of Buenos Aires), and found
that seven of these elements were polymorphic. In a
comparison of the data obtained with those from eight
different populations from Africa, Europe and America,
the population of Bahia Blanca resulted genetically
closer to Europeans and north Africans (average
genetic distances 0.106 and 0.113 respectively) than to
Native Americans (0.163) and Sub-Saharans (0.247).
In addition, admixture analysis indicated a similar
proportion of Native American (0.472) and European
(0.479) parental contribution, with minor contribution
of Sub-Saharan African component (0.049). In this
way, these results reported higher Native American and
African contributions than previous studies.

On the other hand, Di Santo Meztler et al. (2018)
studied 10 Alu insertions, five INDELs, and 15 SNPs to
gain insight into the genetic composition of North-
East Argentina populations from Posadas, Corrientes,
and Eldorado cities (total: 198 unrelated individuals).
No deviations from H-W equilibrium were observed for
Posadas and Corrientes, but Eldorado showed significant
values because of an internal heterogeneity (i.e. genetic
substructuring). Indeed, two groups of different origin
were distinguished, one showing higher similarity with
Europeans and the other with more similarity to people
from Posadas and Corrientes. Of particular interest, Alu
insertions compared to INDELs and SNPs, demonstrated
the most differences with data from other countries and
continents, and could be of use in ancestry studies for
these populations. On the contrary, INDELs and SNPs
were more informative for differentiation within the
country. The genetic diversity found in this work between
the studied populations was similar to those referenced
in the bibliography (Callinan et al., 2003; Athanasiadis
et al., 2007; Gaya-Vidal et al., 2010), except for two Alu
insertions that were monomorphic in some cases, and
for the Alu insertion Ya5DP13 which was invariant,
similarly to previous data for European populations
(Callinan et al., 2003; Athanasiadis et al., 2007).

A third study included the analysis of nine
X-chromosome Alu insertions in populations from the
northern Argentinian province of Salta, showing non-
significant differentiation between rural and urban
populations within the province, and a close relationship
with two Bolivian Amerindian populations (Ferragut et
al., 2019).

In accordance with the lower rate of mutation of
Alu insertions compared to other markers, they can be
found as monomorphic within certain communities,
and they can show an absence of marked differences
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among closely related populations from South America.
Therefore, X-Alu insertions are useful in ancestry studies
of populations distantly related (i.e. from different
countries or continents), while X-STRs, X-INDELSs, and
X-SNPs are more informative for differentiation within
aregion or country.

CONCLUSIONS AND FUTURE
PROSPECTS

X-chromosome non-coding markers represent an
important source of variability among populations,
showing in many cases an important genetic
differentiation when comparing populations of different
ethnic origin. Its particular mode of inheritance makes
a difference between X- and autosome variation in
Central and South American populations, showing
a more important Native and African contribution
on X-chromosome markers than on those located in
autosomes. Besides, within population variation is also
important, and this advantage is taken for identification
purposes, mainly for paternity cases when daughters
are involved. For these reasons, the contributions on
forensic markers located on the X-chromosome is
currently growing, and the characterization of the
different types of X-chromosome polymorphisms
became very important especially when the populations
under study are the result of genetic admixture.

Overall, the present review demonstrates that a bulk
of information is already available for Latin American
countries, although new techniques of analysis (as
MPS) are still underutilized. Moreover, for some regions
(for example, populations from the Patagonia, in the
southernmost part of South America) and countries
(for example, Perti and Paraguay) additional studies
on X-chromosome non-coding variation are needed
to provide a full picture of the human genetic diversity
along Latin America.
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