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: MEXICO, D.F., A 18 DE FEBRERO DE 2011.
DRA. JAZMIN ARTEAGA VAZQUEZ

INVESTIGADOR PRINCIPAL

DEPARTAMENTO DE GENETICA

PRESENTE

Por esie medio, me permito informarle que el Comité Institucional de Investigacion Biomeadica en
Humanos, del Instituto Nacional de Ciencias Médicas y Nutricién Salvador Zubirdn, ha revisado y
aprobado el Protocolo de invesiigacion clinica, titulado:

“IDENTIFICACION DEL NUMERO VARIABLE DE CoP1AS {CNVS) EN PACIENTES CON CARDIOPATIAS CONGENITAS
CONOTRUNCALES AISLADAS Y ASOCIADAS A OTRAS MALFORMAGIONES”
REF. 290

Asi mismo se solicita gue al terminar el estudio se deberd de enviar los resuttados con resumen
de todes los datos sobresalientes y conclusiones, un informe anual {si la duracion del estudic es mayor
de un afio), donde comunigue los avances y resultados parciales de su Investigacion.

Sin mas por el momento quedo de usted.

ATENTA B,

DR. PATRICIO SANTILLAN DOHERTY %
COORDINADOR
COMISION DE ETICA EN INVESTIGACION

c.c.p. Dr. Rubén Lisker Y. Direccidn de Investigacidn.
iqves“gac[on C.P. Martha Arredondo Urzia. Jefe dgl Depro C. FE[‘

Tradicién Servicio
e . P 14000 Mexico, D. F.

Asistencia pgtpﬁégncia
® Tel. 54-87-09-00

20007700
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Vasco de Quiroga No. 15
Colonia Seccién XVI
Delegacidon Tlalpan
México, D. F. 14000
Tei. (52)54870900
www.incmnsz.mx

MExico, D.F., A 17 DE SEPTIEMBRE Dt 201

DRA. JazmiN ARTEAGA VAzquez
INVESTIGADORA PRINCIPAL
DEPARTAMENTO DE GENETICA

INSTITUTO NACIONAL DE CIENCIAS MIEDICAS ¥ NUTRICION, “SALVADOR ZuBIRAN"
Av. VAsco bE QUIROGA No. 15

€oL. BELIsARIO DOMINGUEZ SECCION XVI

DeL. TLALPAN, C.P, 14080, Mexico, D.F.
PRESENTE

Le informamos que con relacién al Protocolo de Investigacién Clinica, titulado:

“IDENTIFICACION DEL NUMERO VARIABLE DE COPIAS (CNVS) EN PACIENTES CON CARDIOPATIAS CONGENITAS
CONOTRUNCALES AISLADAS Y ASOCIADAS A OTRAS MALFORMACIONES”
REF. 290

Estos Comités han recibido y revisado la documentacion que sefiala el cierre de estudio
llevado a cabo el 27 de mayo de 2015.

Sin otro particular, reciba un cordial saludo.

ATENTAMENTE,

TURO GALINDO ERAGA
PRESIDENTE
£ DE ETICA EN INVESTIGACION

Co
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ANTECEDENTES: Las variacicnes en el nimerc de copias (CNVs}
representan cambics en la estructura del genoma (=1kb) gue pusden
alterar iz expresion genica mediante la disrupcién o fusién de genes,
alteracion en eventos de recombinacidn, errores de replicacion del
DNA y haploinsuficiencia [1, 2]. La tetralogia de Fallot {TF} es una
malformacion congénita generalmente esporadica y de etiologia
multifactorial, tiene una prevalencia de 1/3000 nacidos vivos[3]. Esta
malformacion incluye comunicacion intraventricular, cabalgamiento de
la aorta. estencsis puimonar/ obstruccion al tracto de salida e
hipertrofia del ventriculo derecho. Comprende 3.5-9% de todas las
cardiopatias congénitas. Greenway y cols. estudiaron la asociacién
entre CNVs y TF mediante el anélisis de trios identificaron 7 nuevos
CNVs que incrementan el riesgo para TF no sindrémica y han sugerido
gue hasta 10% de las TF esporéadicas son resultado de CNVs de

novo[3].

OBJETIVO: Estudiar mediante la técnica de MLPA las CNVs de
regiones cromosémicas relacionadas a cardiopatias congénitas en
trios: casos con TF no sindromica y sus progenitores.

MATERIAL Y METODOS: La muestra se integré de 28 trios (caso,
madre y padre) provenientes de la consulta externa y hospitalizacidn
del Instituto Nacional de Cardiclogia “lgnacio Chavez". Se extrajo DNA
de muestras de sangre periférica 0 mucosa oral mediante la técnica
de precipitacion con sales o purificacion por columnas de silica. El
analisis molecular se realizé mediante [a técnica de MLPA (Mulftiplex
Ligation Probe Ampiification) para los kits P250-(DiGeorge) v P311-
{CHD) MRC-Holland con consecuente separacion de los productos
amplificados mediante electroforesis capilar. Para confirmar los
hallazgos de MLPA se realizd la determinacién de dosis genica relativa
{(DGR) por PCR tiempo real. El andlisis de fragmentos se realizé con
el programa ChimerMarker y el analisis de CNVs con el proegrama
Caffalyser v9.4.

Figura 1. Andlisis de CNVs del case con TF analizado con
resultado positive para la delecién de la sonda correspondiente al
gen TBXT (marcada en color rojo).
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Figura 2. Analisis de CNVs mediante MLPA en un paciente que
presenta una delecion tipica del cromosoma 22911.2 propia del
sindrome Velocardiofacial.

ALTERACION EN EL NUMERO VARIABLE DE COPIAS (CNVs) EN PACIENTES CON

TETRALOGIA DE FALLOT NO SINDROMICA MEDIANTE MLPA
Adolfo Aguayc] Jazmin Arteagal Yevgenya Svyryd Juan Calderdn?
Carlos Zameora? Gilberto Vargas'Osvaldo M. Mutchinick®
Genéfica, Instituto Nacional de Ciencias Médicas y Nutricion “Salvador Zubiran™
Cardiologia, instituto Nacional de Cardiofogia “fgnacio Chavez”
e-~mail: osvaldo@servidor.unam.mx
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Figura 3. Resultados de la determinacion de DGR por gPCR para e
exén 2 del gen TBX1, a) control normal, DGR =1, b) paciente con
delecién de TBXT; DGR =0.5

Figura 4. Estudio de FISH negativo para microdelecion del caso que
presenic la delecién del exén 2 de TBXY. Se observa ia hibridacion
de ambas sefales para la region 22q11.2 v la sonda control.

RESULTADOS: Se observé una delecion de una regidn del exon 2 del
gen TBX71 en uno de los 28 casos con TF (Figurat). la cual fue
confirmada por PCR en tiempo real (Figura 3}). Ninguno de los
progenitores de este caso presentd la delecidén de TBXT y no
presentaba ofras alteraciones fenotipicas ademas de la cardiopatia.
Para descartar la- microdelecion 2211 clasica en el paciente, se
realizé FISH el cual fue negativo (figura 4). En el resto de familizs
analizadas no se observaron otros cambios en el nimero de copias.

CONCLUSIONES: En este estudio se identificd una CNV de novo del
tipo delecion del exon 2 del gen TBXT en un case con TF, la cual ne
fue detectada por técnicas convencionales. Este haliazgo es similar en
frecuencia 3.5%(1/28) al reportado en otras poblaciones (3-6%)[4] v
por la importancia funcional durante e desarrolioc embriclégico
tempranc de las estructuras cardiacas la delecidn observada del gen
TBX1 podria estar asociada con la presencia de [a Tetralogia de Faliof
como ha sido estudiado.
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Copy number variations (CNVs) initially were recognized as

genomic non-functional and rare DNA arrangements but
currently around 108,000 CNVs are identified along the human
genome and contribute to genome variation between individuals
in 5% approximately. CNVs can affect phenotypes by alteration
of gene dosages and their products.

Congenital heart diseases are the more frequently birth defects.
Besides, Tetralogy of Fallot (ToF) is present in 1/3000 live births
and accounts for 60% of conotruncal malformations. Mutations
have been detected in early developmental genes associated
with ToF: NKX2-5, NOTCH1, TBX1, JAGT, NOTCHZ WMoreover,
Greenway et al. studying nuclear families identified seven CNVs
associated with an increased risk for ToF, three of which
correspond to genes previously associated with heart disease:
TBX1, NOTCH17 and JAGT.

We decided to study CNVs related to congenital heart disease
corresponding to genes GATA4, NKX2-5, TBX5, BMP4, CRELDT
and other CNVs distributed throughout the chromosomal
regions: 10p14, 435, 17p13, 22911 and 22913 by the MLPA
(Multiplex Ligation-dependent Probe Amplification) technigque, in
a sample of Mexican patients with ToF, their parents and a
control group.

The research project was approved by the Ethics and Human

Research Committees from INCMNSZ' and INCICH2. Twenty
eight family trios in which the propositus had the diagnoses of
TF and 28 healthy controls (figure-1) were analyzed with the
MLPA technique using the P311(CHD) and P250 (DiGeorge) kits
from ML.PA-Holland® (figure-2). Real Time-PCR for gene dosage
quantification and FISH probe 22q11.2 were used in order to
validate the results.

Figure 1. Studied sample and methodology.

*Reforral genome:
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One propositus showed a de novo CNV in the TEBX7 gene,
involving 2-7 exons (figure-3), both parents were normal. We did
not observe any change in the analyzed CNVs in 28 healthy
subjects with negative familial history of ToF. gPCR confirmed
the TBXT deletion (figure-4).FISH study was not able to detect
the CNV in T5X7.

Figure-2.
Chromosomai regio
and genes explorel
with the MLPA
Holland® probes P31
{CHD) and P25
{DiGeorge). :

Figure-3. a. Analysis of amplified fragments showing a ' dimint
fluorescence relation for 7BX7 gene (red dots). ChimerMarker
Coffalyser.Net softwares were used. b. Figure-4. FISH analysis in interp
nuclei with TUPLE LSt TUPLE1 SO/LS| ARSA SGn probe by ABBOT®;
normal.

-~ DGR: 0.90(0.85~1.38)

b beRoEs (0.19-0.64) ..

Figure-4. Relative
quantification of
gene dosage
(DGR} by gPCR for
exon 2 of T8X7.

a) Normal control
b) Patient with ToF.
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Abstract Tetralogy of Fallot {ToF) is one of the most com-
mon and severe congenital heart defects (CHD). Recently,
unbalanced structural genomic variants or copy nummber var-
iations (CNVs) were proposed to be involved in the etiology of
many complex diseases. including CHDs. The aim of this study
was to investigate the frequency of CNVs in aregion with a high
density of CNVs. 22q1 1.2, and other regions with CHD-related
genes in a sample of 52 Mexican mestizo patients with isclated
ToF and negative fluorescence in situ hybridization staining for
22g11. CNVs were studied using two multiplex ligation-de-
pendent probe amplification (MLPA) kits, SALSA P250-B1%
(DiGeorge gene region) and SALSA MLPA P311-A1% CHD-
related gene regions (GATA4, NKXZ2-5, TBX5. BMP4, and
CRELDI). The MLPA assay detected a de novo CNV deletion
of the probes Jocated in exons 2 and 7 of the TBX f gene in one of
the 52 partients studied; this result was confirmed by real-time
quantitative polymerase chain reaction. This deletion was not

Electronic sepplementary material The online version of this
article {doi:10.1007/500246-015-1210-9) contains supplementary
material, which is available to authorized users.
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present in the patient’s parents and 104 chromosomes from
healthy control subjects. Our resulis clearly suggest a possible
eticlogic association between the TBXT deletion and the ToF in
our patient.

Keywords Tetralogy of Fallot - DNA copy number
variations - TBX/ gene

Introduction

Tetralogy of Fallot (ToF) is one of the most conymon and
severe congenital heart defects (CHDs); it has a prevalence
of approximately 1/3600 live births, and most frequently
occurs sporadically in families without other congenirtal
anomalies [Z]. ToF is a multifactorial congenital defect that
has been associated with rubella embryopathy, maternal
diabetes, anticonvulsant ingestion during pregnancy. and
other maternal exposures such as metronidazole [11]. ToF
occurs during the first 8§ weeks of human embryogenesis.
According to reported experimental ablations of the sec-
ondary heart field (SHF) and nesural crest. conotruncal de-
fects such as ToF are result of a short outflow tract.
anterocephalad deviation of the outlet ventricular septum,
and a lack of conotruncal rotation [3. 16].

Some genes have been associated with ToF including
JAG] (MIM 6019203, NKX2-5 (MIM 600584), GATA4
(MIM 600576). ZFPM2 (MIM 603693). GDF] (MIM
602880y, TBX] (MIM 602054). and GATAS6 (MIM 601656):
additionally. CNVs in the genes MIDJ, ADAMTS2. CNN2.
GJAS. among others were associated with ToF 5. 19]. Re-
cently. unbalanced structural gepomic variants or copy
number variations (CNVs) were proposed 1o be involved in
the etiology of many diseases including CHD [6. 13]. The
participation and effect of CNVs in the etiology of ToF are
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poorly understood. Previous studies, applying low-resolu-
tion techniques. suggested that CNVs might be involved in
the mechanisms of ToF [13]. Greenway et al. [6] studied
CNVs in 114 patients with ToF and their parents using a
high-resolution microarray and observed that 10 % of spo-
radic nonsyndromic ToF cases resulted from de novo CNVs.
Moreover, seven new CNV loci were identified that were
associated with an increased risk of sporadic ToF: this in-
cluded three loci in genes that were previously associated
with CHD: TBX/, NOTCHI. and JAG! [6].

The multiplex ligation-dependent probe amplification
(MIPA) assay is a high-throughput and low-cost technique
that allows the analysis of over 40 target genome sequences
in a single reaction and detects multiple CNVs [22]. This
technique has been recommended to screen 22q11.2 dele-
tions in patients with conotruncal heart defects [1. 20].

Herein, we report the results of our search for CNVs in a
region with a high density of CNVs, 22q11.2, and other
regions with CHD-related genes in a sample of Mexican
mestizo patients with isolated ToF and their parents.

Materials and Methods
Study Participants

All participants were recruited from patients atiending the
Adult and Pediatric Congenital Heart Defects Clinics and from
patients referred for surgical CHD repair to the National In-
stitute of Cardiology “Ignacio Chavez.” In all cases, ToF was
confirmed by an expert cardiologist. and other congenital
malformations or ¢linical phenotypes of the 22q11 spectrum
syndrome were assessed by a qualified medical geneticist.
Case enrollment criteria included the confirmation of the iso-
lated ToF diagnosis based on clinjcal, imaging, and hemody-
namic studies; the agreement of both parenss to participate in
the study; and that the four grandparents were born in Mexico.
Patients with DiGeorge syndrome or velocardiofacial syn-
drome confirmed by fluorescence in situ hybridization (FISH)
were excluded. Signed informed consent agreement was ob-
tained from all participants and from the respective parents of
those patients who were less than 18 years of age. The inst-
tutional research and ethics board committees approved the
protocol. For all cases, perinatal information about illnesses
and risk factors for CHD was collected. and a family pedigree
of all participating families was built.

MILPA Analysis

Blood or saliva samples were collected from all par-
ticipants for genomic DNA extraction from bleod lym-
phocytes or saliva by standard procedures. CNV studies

were performed using two kits: SALSA MLPA P311-A1®
Congenital Heart Defects and SALSA P250-B1* DiGeorge
(MRC-Holland, Amsterdam, The Netherlands). The P311-
Al CHD probe mix contains 45 DNA probes, which in-
cludes 35 probes to the GATA4, NKX2-5, TBX5., BMP4,
and CRELD/! genes and 10 control probes. The P250-B1
DiGeorge probe mix contains 48 MLPA probes; of these,
29 probes correspond to the 22q11 region (LCR22-A w©
L.CR22-D), and the other probes target the 22q13, 10p14,
8p23.1. 4g34-gter, 9934.3, and 17p13.3 chromosomal re-
gions. The MLPA assay was performed according to the
standard protocol supplied by MRC-Holland® [18]. The
copy number ratio deterraination was performed using the
Coffalyser.Net v.131211 free software. Both MLPA ana-
Iyses were performed on 52 (104 chromosomes) indi-
viduals with no history of any type of CHD 10 analyze
CNVs in a group of healthy blood donors. Real-time
quantitative polymerase chain reaction {(qPCR) was used to
confirm MLPA findings (Supplemental material).

Results

A total of 52 patients consisting of 27 males {31.9 %)
and 25 females (48.1 %) with ToF were included in the
study. The mean maternal and paternal age at birth of
the patients was 24.5 == 7.4 and 28.2 £ 7.6 years, re-
spectively. Delivery by cesarean seclion was observed in
Il pregnancies, prematurity occurred in two cases, and
first trimester-threatened abortion was reported in five
cases. No other CHD maternal risk factors were ob-
served. During pregnancy. 30 mothers of cases con-
sumed dietary supplements of folic acid. but only 16
mothers consumed folic acid supplements during the
periconceptional time. Two mothers of cases used non-
steroidal anti-inflammatory drugs. and one mother
smoked cigarettes during the first trisnester of pregnancy.
Other environmental exposures during the first trimester
of pregnancy were not reported.

The MLPA assay detected a heterozygous deletion ol
the probes 03408-1.07614 and 10810-L14347, which are
located in exons 2 and 7 of the TBX/ gene in one patient
(Fig. 1). This result was confirmed by gPCR for both
exons (Fig. 2). The size of the imbalance was estimated
between 6177 and 6241 bp on chromosome 22 between
coordinates 18127111 and 18133332 (GRC36 {hgi8])
region according to the MLPA P250-B1 kit. The case was
a 19-year-old female with normal intellectual and social
behavior and no other clinical manifestation related to the
22qll specuum phenotype. The MLPA study of her
parents was normal. The observed CNV deletion was
absent in the analysis of 104 chromosemes from 352
healthy control subjects.

@ Springer
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(a) Case
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Fig. 1 Multiplex li
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Fig. 2 Confirmation of 7BX/ deletion. a Real-time quantitative PCR
{qPCR) for T7BX7 exon 2 (275 = 0.63)). b qPCR for TBX/ exon 7
(2735 = 0,61)). ALB, albumin was used as a normal copy reference
gene

Discussion

The MLPA assay identified a de novo CNV in the TBX/
gene that was not detected by FISH. The frequency of
CNVs in CHD-related genes in our study was lower than
that in previous reports (3-10 %) [23]. TBXJ] has been
studied as a critical gene in the early development of heart
structures and as one of the most important factors in the
pathogenesis of 22g11.2 deletion syndrome [9]. The ab-
sence of amplification of the MLPA probes corresponding
to exons 2 and 7 in TBX/ suggests the possibility of an
almost complete gene deletion that could affect the normal
function of the allele. This particular CNV and the derived
haploinsufficiency might explain the CHD present in the
patient because the first eight exons of the gene are shared
_ by the three human alternative splicing transcripts of TBXJ
[71. The above-mentioned hypothesis is supported by re-
ports of CNVs in the 7TBX/ gene that were associated with
conotruncal heart defects in a mouse model [8, 17]. Mouse
studies showed that haploinsufficiency of cardiac tran-
scription factor genes such as NKX2-5, TBX/!, TBX5, and
GATA4 was related to ToF and other CHPs [8].

TBX} was idemtified as a major candidate gene in the
eticlogy of most of the described phenotypes chserved in
the 22q11.2 deletion syndrome, which is characterized by a
spectrum of abnormalities including conotruncal heart de-
fects [10]. In mice, Thx/ is expressed mostly in the SHF,
pharyngeal endederm. and head mesenchyime, and it con:
tributes 1o the outflow tract myocardium, right ventricle,
endecardium, and mesenchymal cushions [14]. Thx7 is
known te play a role in proliferation and differentiation in
the SHF. The loss of Thx/! affects SHF development,
leading to hypoplasia of the outflow tract at midgestation
and a common arterial trunk at the fetal stage [24].

A previous study [21] reported a CNV frequency of
1.2 % (5/402) in the 22q11.2 region in isolated CHD cases
using the MLPA assay; however, the type of the heart
malformation was not specified. Of three duplications and
two deletions observed in. that study, only one deletion
involved the TBXJ] gene. We hypothesize that the
heterozygous presence of the deletion involving the TBX/
gene resulted in the haploinsufficiency of TBX/! in cur
patient, The absence of this deletion in both normal parents
and 104 chromosomes from healthy controis strongly
suggests an etiologic association with ToF in the patient.
We are not able 10 exclude CNVs and point mutations in
other ToF-related genes such as NOTCHI, JAGH, and
HANDZ | because of the limitations of the MLPA assay.
Although all the patients studied showed a normal pheno-
type except for the heart defect present in all of them. other
genetic abnormalities cannot be ruled out.

The haploinsufficiency of TBX/ causing CHD has been

-suggesied to be a result of point murtations [25], deletions

[12]. or duplications {15]. Our findings agree with those
reported by Chen et al. [4], who used comparalive genomic
hybridization to analyze 45 fetal samples with conotruncal
heart defects that were negative for del22q11.2 by FISH.
Their results showed an 846-bp de nove deletion including
exon 2 of the TBX/ gene in one patient with ToF. Inter-
estingly, this DNA [ragment overlaps with the deletion
observed in cur patient, which also comprises the exon 2 of
the TBX] gene.
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