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“Oh! my beloved island!
I wish | had never left thee!”
1710

Exclamacion de Alejandro Selkirk. Marino escocés, quien después de 4 afios 4 meses de
abandono en esta isla fue rescatado y trasladado a su tierra natal e inspirara a Daniel Defoe en su
novela “...Robinson Crusoe...” (1719).

Citado por Benjamin Vicuina Mackenna (1883): en Juan Fernandez: Historia verdadera de la isla
Robinson Crusoe



..... a mis preciosos hijos
Felipe y Agus

... Angelina, Enrique, Stéfano

... a Zule, Angélica, Andrea, Paula y Adrian
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El archipiélago de Juan Fernandez es territorio chileno; esta conformado
por las islas Robinson Crusoe, Santa Clara, Alejandro Selkirk y un conjunto de
pequenos islotes. Se encuentra a 667 kildbmetros frente a las costas centrales de
Chile continental y pertenece administrativamente a la Region de Valparaiso. La
Isla de Robinson Crusoe es la unica habitada, con 633 habitantes segun el
ultimo CENSO nacional autorizado (INE 2002) en el pueblo San Juan

Evangelista, ubicado en la Bahia Cumberland.

El Archipiélago fue descubierto por Juan Fernandez en 1574. En 1750
empezo la colonizacién al fundarse el pueblo de San Juan Evangelista. La isla
tuvo varios intentos de colonizacion entre 1750 y 1850 cuando fue despoblada.
A fines del siglo XIX se establece la ultima colonizacion, con su arrendamiento al
Bardn suizo Alfred Von Rodt, quien con un grupo de 8 familias repobld la isla.
(Arana, 2010; Brescia de Val, 1979; Ruh, 1975; Takahashi, 2002; Vicufia

Mackenna, 1883).

Estas familias estaban compuestas por 37 adultos (europeos y chilenos) y
diez nifios (Brinck, 2005; Orellana, 1975; Schnyder, 2005). El registro civil e
identificacion de Chile fue abierto en la isla en el afio 1902, lo que coincide con
el nacimiento de la primera generacién islefa. En el afio 1940, se incluye por

primera vez a la poblacion de la isla en un CENSO nacional y se reportan 434
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habitantes. Los valores de densidad poblacional de la isla se han mantenido
estables en los ultimos 60 anos. Mientras que la densidad poblacional del pais
aumenta gradualmente, la densidad de la isla en términos generales se
mantiene, mostrando un leve aumento en los ultimos 10 afios (INE, 2002). Es
necesario destacar que la isla es Parque Nacional por lo que soélo se puede

destinar a habitacion una minima parte de su superficie (CONAF, 1976, 2009).

La poblacién de la isla tiene en la actualidad seis generaciones nacidas
desde la ultima colonizacion, ademas de habitantes no islefios que son
especialmente empleados de gobierno, o de las fuerzas armadas y de orden que
son designados a la isla por periodos relativos (2 a 6 afios). La poblacion reporta
poca migracion, cuenta con transporte maritimo y aéreo muy limitados. Un barco
al mes lleva los viveres y provisiones a sus habitantes. También, cuenta con un
aerédromo con capacidad para pequefias avionetas, aunque debe cerrar
muchas veces en el afio, debido a las condiciones climaticas poco favorables

(Figueroa 2006).

La economia de la isla se basa en la pesca artesanal y en la captura de la
langosta (Arana 2000), asi como recientes esfuerzos por consolidar el turismo.

Los habitantes de la isla hablan espafiol, idioma oficial de Chile.

Actualmente, el 77% de la poblacion infantil total, tiene al menos uno de

los apellidos del grupo colonizador, lo que podria ser indicativo de un mayor
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grado de consanguinidad poblacional, concordante con una poblacion joven,

pequefia y semiaislada (Villanueva, 2008).

En poblaciones pequenas existen elevadas frecuencias de alelos
deletéreos, conocido como deriva génica, que es la fluctuacion por azar de la
frecuencia de los alelos que ocurre en poblaciones de tamafo pequefio. El
efecto fundador es una de las formas de la deriva genética y se refiere a la
existencia de un alelo infrecuente en uno de los fundadores de la poblacion y
que produciria una frecuencia superior de ese alelo a la que existe en la

poblacidn de la que proviene. (Cavalli Sforza, 1971).

En estudios anteriores hemos reportado una alta prevalencia de Trastorno
Especifico de Lenguaje (TEL) en la poblacion infantil de la Isla de Robinson

Crusoe, pudiendo ser ésta atribuida a un efecto fundador (Villanueva, 2008)

El Trastorno Especifico de Lenguaje (TEL), en inglés Specific Language
Impairment (SLI) (MIM 602081) se define como dificultades de desarrollo del
lenguaje oral que no puede ser explicada por déficit en umbrales auditivos, ni por
retraso intelectual, trastornos psicopatolégicos o desigualdad sociocultural

(Aguado, 2000; Bishop, 2011; Narbona, 1999).

El TEL es uno de los trastornos de la comunicacion oral mas frecuente en
los nifios preescolares, con prevalencias estimadas entre el 2 y 7% de la

poblacion pre-escolar de habla inglesa (Tomblin, 19972 Law, 1998). La
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American Psychiatric Association (1994) indica una prevalencia de TEL entre un
6y 8 % (Shriberg, 1999). Estudios en nuestro pais indicarian la presencia de
TEL en el 4% de los nifios entre 3 y 7 aios. (De Barbieri, 1999). Se presenta

con mayor frecuencia en varones (De Barbieri, 1999; Shriberg, 1999).

El Trastorno Especifico del Lenguaje se caracteriza por presentar una
semiologia linguistica variada donde se pueden afectar los distintos niveles del
lenguaje. Estas dificultades van desde problemas puntuales en la produccion de
las palabras hasta formas mas severas que dificultan una buena interaccion
comunicativa. Este Trastorno Especifico se puede clasificar en dos grandes
grupos: a)Trastorno expresivo: que se caracteriza por presentar dificultades en
la formulacion del lenguaje, en que se afecta la dimension fonoldgica y/o déficit
fonologico-sintacticas y en menor grado semanticas; y b) Trastorno
comprensivo—expresivo: es un trastorno mixto donde se ven afectados todos los
niveles del lenguaje (fonolégico, semantico, morfosintactico y pragmatico) de
forma variable, en las dimensiones expresivas y comprensivas del lenguaje oral.

(Aguado, 2000; Conti — Ramsden, 1997; Falcaro, 2008; Mendoza, 2001)

Si este problema no es detectado y tratado a tiempo puede afectar otras
areas de aprendizaje del nifio, especialmente la lectoescritura. Los menores con
este tipo de cuadro generalmente presentan un inicio mas tardio de la
adquisicion de las primeras palabras, lo que significaria tener dificultades en la
memoria de trabajo y en habilidades metalinguisticas. Sin embargo, otras areas

del desarrollo relacionadas con aspectos no verbales se encontrarian dentro de
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parametros normales. Esto determina que el déficit del lenguaje seria un aspecto
nuclear en el desarrollo psicomotor de estos nifios. (Aguado, 2000; De Barbieri,

2004; Martinez, 2002; Orellana, 1996)

Para identificar un nifio con TEL es fundamental la historia clinica, donde
no se evidencie déficit auditivo, retraso psicomotor, déficit cognitivo, ni trastornos
de la personalidad. Se ha descrito que frecuentemente hay antecedentes de
déficit de lenguaje o aprendizaje en algun familiar directo del propdsito afectado

(Narbona, 1999).

Asi, distintas evidencias indican la presencia de mecanismos genéticos
involucrados en la susceptibilidad a los Trastornos Especificos del Lenguaje.
Diferentes estudios han demostrado una fuerte agregacion familiar. Es asi como
se ha observado que el 46% de los familiares de los probandos estan también
afectados, comparado con un 18% en los del grupo control (Stromswold, 1998,
2001). Tomblin y Buckwalter (1998) encontraron un 22% de parientes en primer
grado afectados comparados con el 4 a 6% de la poblacion general, por lo que la
heredabilidad estimada es entre un 45 y un 77%. Estudios en mellizos
encuentran una concordancia que fluctua ente 70 y 96% en monocigdticos y

entre 46 y 69% en dicigaoticos (Bishop, 1995; Tomblin, 1998).

Tomblin y cols (2000) indicaron en base a analisis de segregacion
compleja que el modelo que mejor se adecua a los datos obtenidos de

genealogias de familias de propositos afectados es la presencia de un gen
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mayor de naturaleza dominante, aunque no descartan transmisién poligénica,
sefalando que existen factores genéticos con un modo complejo de transmision.
Una familia extensa de tres generaciones estudiada en Inglaterra, en la cual mas
de la mitad de sus miembros estaban afectados por alteraciones severas del
habla y del lenguaje, permiti6 postular a esta patologia con un patrén de

herencia simple de naturaleza autosémica dominante (Hurst, 1990).

Lai y cols (2000, 2001) detectaron que el gen FOXP2, que codifica para
un factor de transcripcion, ubicado en el cromosoma 7q31, estaria relacionado
con los procesos del desarrollo que culminan en el habla y el lenguaje (Fisher,
1998). El SLI Consortium, (institucion inglesa de investigacién en TEL) identifico
otros 2 loci relacionados con TEL, ubicados en el cromosoma 16q (SLI1) y 19q
(SLI2) que podrian tener importancia como factor de riesgo para las alteraciones
de lenguaje (The SLI Consortium 2002). Agrupando la informacion de otros
estudios y amplificando la muestra, confirman un fuerte ligamiento del TEL al
locus SLI1 en el cromosoma 16q. (The SLI Consortium 2004). Para luego
mediante analisis multivariado de ligamiento comprobar cuales eran los mejores
marcadores fenotipicos para cada area de ligamiento descrita (Monaco, 2007).
Ademas, se ha encontrado en una poblacion canadiense de familias de
ancestros célticos evidencia de ligamiento entre TEL y el locus 13921 y

posiblemente al cromosoma 2p (Barlett, 2002).

Multiples zonas de ligamiento se han descrito en diferentes cromosomas,

en algunos de ellos se han comparado los resultados con otras patologias como
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dislexia, autismo y déficit atencional (Ver Newbury, 2010); sin embargo, todos

los estudios se reportan en familias de habla inglesa.

Debido a nuestro interés en la poblacién infantil de la isla de Robinson
Crusoe, que tiene una excepcional alta prevalencia de TEL (35%), hemos
comenzado los analisis genético-moleculares, obteniendo los primeros
resultados moleculares en nifios de habla hispana, describiendo asociacién de
TEL a un marcador microsatélite ubicado en el cromosoma 16 (Villanueva,
2010); dicho marcador fue previamente descrito en la poblacion inglesa por el

grupo de SLI Consortium (2002, 2004).

Mediante un trabajo colaborativo internacional con renombrados
investigadores de la Universidad de Oxford y SLI Consortium, hemos realizado
el Genome Wide Scann (GWS) de esta poblacién y hemos identificado cinco
interesantes regiones cromosomicas que se presentan con mayor frecuencia en
los individuos afectados que lo esperado por solo azar (Villanueva, 2011). Se
hace necesario entonces continuar con los analisis genéticos para tentar la
identificacion de causas genéticas subyacentes.

Por lo anterior, el primer propdsito de este estudio es:

a) realizar un estudio de asociacion genético en relacion al TEL, en
sujetos de la poblacion infantil de la isla Robinson Crusoe, mediante estudios de

secuenciacion exomica.
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Debido a que los estudios genéticos realizados hasta ahora concuerdan
con la literatura internacional, resulta necesario entonces, caracterizar a la
poblacion estudiada con el fin de poder comparar nuestros resultados con
poblaciones europeas y norteamericanas, considerando los componentes
étnicos respectivos y describir las caracteristicas fenotipicas maxilofaciales de
estos nifios con el fin de contar con posibles marcadores morfolégicos que

orienten futuros estudios.

Por los que los siguientes propdsitos de este estudio son:

b) establecer el grado de consanguinidad en la poblacién de la isla
Robinson Crusoe

c) establecer el grado de miscegenacion indigena en la poblacion de la

isla Robinson Crusoe
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HIPOTESIS

Los nifos islefios con TEL presentan caracteristicas genéticas que difieren

de las presentes en los nifos islefios con desarrollo tipico del lenguaje.

La poblacion islefia presenta un mayor grado de consanguinidad que lo

reportado en poblaciones geograficamente no aisladas.

La poblacion actual de Ila isla, proveniente de wuna colonizacion

mayoritariamente europea, presentando un bajo grado de miscegenacion.



OBJETIVOS GENERALES

OBJETIVOS GENERALES

Identificar variantes de cédigo mediante técnicas de genética molecular en

pacientes afectados con TEL del Archipiélago de Juan Fernandez.

Establecer el grado de consanguinidad y el coeficiente de endogamia en

la poblacion de la isla de Robinson Crusoe.

Establecer el grado de miscegenacion de la poblacion de la isla de

Robinson Crusoe.
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OBJETIVOS ESPECIFICOS

1.1 Identificar las variantes de codigo en individuos islefios con y sin TEL,

mediante secuenciacion exdmica.

1.2 Realizar analisis de asociacién de la variante de codigo en la poblaciéon

islefia general.

1.3 ldentificar cambios en proteinas, en individuos islefios con y sin TEL.

1.4 Comparar dichos codigos en individuos ingleses con diagnostico de TEL.

2.1 Determinar el grado de consanguinidad de la poblacion de la Isla Robinson

Crusoe.

2.2 Determinar el coeficiente de entrecruzamiento de la poblacién de la isla de

Robinson Crusoe.

2.3 Determinar el tipo de matrimonios consanguineos presentes en la poblacion

de la isla de Robinson Crusoe.

3.1 Determinar el grado de miscegenacion de la poblacién de la isla de Robinson

Crusoe, mediante marcadores morfoldgicos dentarios.
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CONSANGUINITY ON ROBINSON CRUSOE
ISLAND, AN ISOLATED CHILEAN POPULATION

PIA VILLANUEVA*{{§!, MARA A. FERNANDEZ}, ZULEMA DE BARBIERI}
AND HERNAN PALOMINO*

*Institute of Biomedical Sciences, University of Chile, Santiago, Chile, T Department of
Pediatric Dentistry and Dentomaxillary Orthopedics, University of Chile, Santiago,
Chile, 1 School of Speech and Hearing Sciences, University of Chile, Santiago, Chile and
§Doctoral Program of Psychology, Graduate School, University of Granada, Spain

Summary. The population of Robinson Crusoe Island is estimated at 633
inhabitants. The current population has a common origin from the first eight
families who colonized the island at the end of the 19th century. The objective
of this study was to determine the rates of consanguinity, the average coeffi-
cients of inbreeding, the types of consanguineous marriages and the inbreeding
evolution between 1900 and 2000 on the island. All marriages registered on the
island, from the last colonization until 2000 (417 in total), were included in the
analysis. In addition, extended genealogies were obtained. The consanguinity
rate was 14.9% and the average coefficient of inbreeding () 54.05 x 10, The
most frequent type of consanguineous marriages was between second cousins,
followed by first cousins. The average value of the first/second cousin ratio
was 1.11. The population of Robinson Crusoe Island has a high rate of inbreed-
ing. The unique characteristic of the island — its small current population, orig-
inating from just a few families, with small rate of gene flow — could explain the
observed high and increasing consanguinity.

Introduction

Consanguinity is an important mechanism of differentiation in the human population.
It alters genotypic frequencies and therefore the structure of the population (Cavalli-
Sforza & Bodmer, 1971). There are geographical areas in the world where the average
consanguinity of the population is still high. Modern consanguinity usually arises from
sociological-related issues such as religion, social systems based on castes, population
size, migration rates, geographical isolation and the number of generations since the
population was founded (Wang et al., 2002; Cohen et al., 2004; Patton, 2005; Blanco
Villegas & Fuster, 2006; El-Kheshen & Saadat, 2013). All these factors can mean that
a certain population has little gene exchange with other populations (Serre & Babron,
1985; Rothhammer & Llop, 2004). High levels of consanguinity were found in the

! Corresponding author. Email: piavilla@u.uchile.cl
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1960s in some isolated populations in mainland Chile. For example Caleu, an isolated
geographical area whose population has Spanish origins had an average coefficient of
inbreeding () of 60.4 x 10~* (Blanco & Covarrubias, 1971) and Pehuenches, a Chilean
native ethnical group, exhibited a high level of consanguinity (¢ = 82.9 x 10~#), mainly
due to land inheritance (Blanco & Chakraborty, 1975). In contrast, due to an ancient
Inca regulation, consanguineous marriages were unacceptable among the northern
native ethnical groups of Chile such as the Aymaras (¢ = 1.5 x 10 %) and Atacamefios
(x = 4.1 x 107*) in the same decade (Rothhammer & Llop, 2004).

In an inbred population, the gene pool is likely to reflect a founder effect. This is
because of the change in the genotypic frequencies from one generation to another
and the increase in the frequency of homozygotes. In turn this can potentiate the exis-
tence of uncommon genetic pathologies in the population, and also can influence repro-
ductive and survival capabilities (Machado ez al., 2013a, b).

The present research was carried out in Robinson Crusoe Island, an isolated Chilean
population, where 77% of the current infant population exhibits at least one founder
surname. A high prevalence of Specific Language Impairment (SLI) has been described
among islander children (Villanueva et al., 2008). This is the failure to normally develop
language when the appropriate environment is provided (Law et al., 2000). The preva-
lence of SLI among islander children (35%) is higher than that reported for children
from other countries and from the mainland (4—-8%) (Tomblin et al., 1997a, b; Shriberg
et al., 1999; De Barbieri et al., 1999) and also for those children not originally from
Robinson Crusoe Island but who lived in the island (4%) (Villanueva et al, 2008,
2010, 2011).

Robinson Crusoe Island is part of the Juan Fernandez Archipelago and is the only
inhabited island in the archipelago. The archipelago is located 361 miles from the
central coast of Chile (33° 37" 56” S; 78° 49’ 45" W) (Brinck, 2005) and belongs govern-
mentally to the Valparaiso region of Chile (see Fig. 1). The island was discovered in
1574 by the Spanish sailor Juan Fernandez. The first colonization took place in 1750.
The island was later depopulated around 1850 by an order of the Chilean government.
The current population comes directly from the last colonization, which occurred in
1881 with only eight families. These families comprised 37 European and Caucasian
Chilean founders including ten children. Two of these male founders were siblings; the
other six families were not related (Vicuia Mackenna, 1883; Orellana et al., 1975;
Schnyder, 2004).

In 1902 the General Register Office was created. The 1940 Chilean census is the
first official record providing information about the total population of the island (434
inhabitants). According to the most recent Chilean census (INE, 2002) the island’s
population was estimated at 633 inhabitants. The number of women was lower than
the number of men, there being no evidence to explain this difference. This ratio has
been increasing over the years (see Fig. 2). Following the initial population growth,
the average population density on Robinson Crusoe Island remained very similar
from 1940 to 1992, and lower than the average of the mainland region to which the
island belongs governmentally (Valparaiso region) the region in Chile with the second
highest density. While the total Chilean population density gradually increased over
the study period (1940-2002), the population of the island decreased. However, it
increased slightly over the last decade studied (1990-2000) (INE, 2002) (see Fig. 3).
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Juan Fernandez Archipelago

¢

Selkirk
Island

R. Crusoe Island

4. Sta. Clara Island

Fig. 1. Geographic area studied: Robinson Crusoe Island, Juan Fernandez Archipelago,
Chile.

The economy of the island is based almost exclusively on fishing, especially lobsters,
endemic fish and golden crabs. In the last 15 years studied (1985-2000) there has been
an increase in tourism-related businesses, which may explain the population growth in
the decade 1990-2000. The people of Robinson Crusoe Island speak Spanish, the only
official language in Chile. Both sea and air transport are very limited on the island.
Only one vessel per month brings food and other basic goods. Recently an aerodrome
for small aeroplanes was built which, due to climate conditions, has to close several
times throughout the year.

Given the geographic isolation of this population and the documented founder
effect on language impairment prevalence (Villanueva et al., 2010), the aim of the
present study was to determine rates of consanguinity, the average coefficients of
inbreeding (), the types of consanguineous marriages, and inbreeding between 1900
and 2000 on Robinson Crusoe Island.
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Fig. 2. Population development on Robinson Crusoe Island from 1881 to 2002.
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Fig. 3. Population density of Robinson Crusoe Island and Chile from 1940 to 2002.

Methods

The study used a retrospective research design to assess the total number of marriages
registered on Robinson Crusoe Island over the ten decades from 1900 to 2000. The
data were taken from a village genealogy compiled by the research group from birth
records going back to the last colonization. The genealogical records, which are organized
into surname groups, were supplemented with any additional data that could be found in
civil and family records of births, marriages and deaths. The records of individuals from
1900 to 2000 were classified into the eight founder families with four to six generations
since the foundation date.

Rates of consanguinity, average inbreeding coefficient (o coefficient or Bernstein
coefficient) and the percentage of different types of consanguineous marriages were cal-
culated (Cavalli-Sforza & Bodmer, 1971). Uncle—niece and/or aunt—-nephew marriages
(M12, F=1/8), and those between first cousins (M22, F = 1/16), first cousins once
removed (M23, F = 1/32), half first cousins (M22'2, F = 1/32), second cousins (M33,
F = 1/64), second cousins once removed (M34, F = 1/128), half second cousins (M33'/2,
F =1/128), and even third cousins (M44, F = 1/256) were considered for the purposes
of this research, because extensive genealogies were available over six generations
(Cavalli-Sforza & Bodmer, 1971; Varela et al., 2001).
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M22 A M22 B M22 C M22 D

Fig. 4. Types of first cousin consanguineous marriages. Squares, male; circles, female.
Reproduced from Haldane & Moshinsky (1939).

According to the type of analysis, the calculations were performed every 20 years
for the period between 1900 and 2000. The ratio of marriages between first cousins
and second cousins (M22/M33) was also calculated, as this is considered to be an
important indicator of evolution of the structure of a population (Varela et al., 2001).
The percentages of different types of first cousin marriages (M22A, M22B, M22C, M22D)
were calculated to estimate non-random factors (Haldane & Moshinsky, 1939) (see Fig. 4).

The protocol of the study was approved by the Ethics Board of the School of
Medicine, University of Chile.

Results

Today the founder families of Robinson Crusoe Island have between four and five
generations born on the island. Between 1900 and 2000, 417 marriages were registered.
The average consanguinity rate was 14.9% and the average coefficient of inbreeding ()
was 54.05 x 10~*. During the period analysed 62 marriages were consanguineous, and
of seven different types. The absolute and relative frequencies of the different types of
consanguineous marriages are given in Table 1. The most frequent consanguineous
marriages were between second cousins (M33: 5.04% of the total marriages). The least
frequent marriages were between half second cousins (M33!/%: 0.48%). Temporal varia-
tion of the proportion of the different types of consanguineous marriages every 20 years
is also shown in Table 1. It is possible to see a trend of increased consanguinity on the
island over time. There was a clear increase in the relative proportion of M33 and M44
marriages, at the expense of a decrease in M22 marriages.

The relative frequencies of M33'? (half second cousins) marriages decreased
throughout the period studied. There were no marriages between uncles and nieces or
aunts and nephews (M12) in the 100 years analysed. In consanguineous marriages
between first cousins (n = 17), the highest frequency was between cousins who were
the offspring of two brothers (M22D: 47%). The other relation values were M22A:
5.9%, M22B: 35.3%, M22C: 11.8%.

The average first cousin/second cousin (M22/M33) ratio from 1941 to 2000 was
1.11. There were no second cousin marriages between 1900 and 1940. The M22/M33
ratio for the next period (1941-1960) was 2.67. From 1961 to 1980 the ratio was 0.57.
For the last 20-year period (1981-2000) the ratio was 0.09. The variation of the inbreed-
ing coefficient between 1900 and 2000 in 20-year periods is shown in Table 2. This
shows a gradual increase until reaching maximum values in the decennia 1981-2000
(values above 96.84 x 107%).



Table 1. Absolute and relative frequencies of the different types of consanguineous marriages, Robinson Crusoe Island,

1901-2000
M22'/2 M23 M33!/2 M34 Consanguineous Not consanguineous
n n % n n % n % % Total
1901-1920 1 0 0 0 0 0 0 0 1 2.08 97.92 48
1921-1940 3 0 0 0 0 0 0 0 3 5 95 60
1941-1960 8 1 1 038 0 0 0 0 0 13 10.4 89.6 125
1961-1980 4 2 0 2 1 1.19 0 0 16 19.05 80.95 84
1981-2000 1 2 3 0 4 4 8§ 8 29 29 71 100
Total 7 5 4 096 21 2 5 120 8 1. 62 14.9 85.1 417
Table 2. Variation of the coefficient of inbreeding () every 20 years, Robinson Crusoe Island, 1901-2000
M22 M22 1/2 M23 M33 M331/2 M34 M44 Total
n O(a n o n o n o n n n o o
1901-1920 1 13 0 0 0 0 0 0 0 0 0 0 0 13
1921-1940 3 31.25 0 0 0 0 0 0 0 0 0 0 0 31.25
1941-1960 8 40 1 2.5 1 2.5 3 3.75 0 0 0 0 0 48.75
1961-1980 4 29 2 7.45 0 0 7 13.02 2 1. 1 0 0 52.26
1981-2000 1 6.25 2 6.26 3 9.39 1 42.14 0 0 4 8 26.55 96.84

o (x 1074,
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Discussion

In Chile, consanguinity rates have been analysed in several native populations (Mapuches,
o = 57.9 x 10~* Pehuenche, o = 82.9 x 10~%), non-native Chilean populations living in
urban areas (Vifia del Mar, o = 3.3 x 10% La Serena, o = 5.43 x 10%), non-native
Chilean populations living in rural areas (Olmue, « = 37 x 10 %) and in the population
living on Easter Island, where the o value was 5.6 x 10 % (Quezada & Barrantes, 1973;
Champin et al., 1976; Villarroel et al., 1978; Zuiniga, 1978; Cruz Coke, 1989). All of the
above populations show a tendency for « values to decrease over the years, which is as
expected for expanding populations with no restriction on marriages. In contrast, the
average consanguinity on Robinson Crusoe Island constantly increased from 1900 to
2000. At the beginning of the XXI century, 77% of the population has at least one
parent who was descended from the founder families. This may be due to the low rate
of immigration to the island and the stability of the size of the population, which has
grown slowly with slight differences in density throughout the study decades (see Figs 2
and 3).

The number of consanguineous marriages among the islanders has increased due to
a growing number of second cousin and third cousins marriages. The period from 1941
to 2000 showed the highest number of consanguineous marriages. This reflects the fact
that during this period the population grew to comprise at least two generations born
on the island. Before 1941 there were only four marriages between first cousins.

On the other hand, during the same period the native population of mainland Chile
had opposite social behaviours. North Chilean Amerindians (Aymaras [« = 1.5 x 10™]
and Atacamefios [ = 4.1 x 107%]) have always been characterized by low degrees of con-
sanguinity because of their social structure, where consanguineous marriage is considered
a taboo. In contrast, southern Chilean Amerindian (Mapuches [0 = 57.9 x 10~%] and
Pehuenches [« = 82.9 x 107#]) encouraged consanguineous marriages. Currently, among
these latter groups there is still a high tendency to encourage certain types of first cousin
mating due to their matri- or patrilineal social system (see Fig. 4) (Rothhammer & Llop,
2004). There is no evidence that on Robinson Crusoe Island there was a preferred mating.
However, the present study observed a higher frequency of matings between the offspring
of brother pairs. This may primarily be due to the sex distribution on the island (Fig. 2)
as there are no known cultural, religious or land-ownership factors involved in the
choice of spouses.

The most two common types of consanguineous marriages in the world population
are those between (a) first cousins and (b) second cousins. In the population of Robinson
Crusoe Island first cousin mating and second cousin mating together represent over the
60% of the total consanguineous marriages. These types of marriages involve spouses
with the highest degree of consanguinity. Thus they contribute with a high load to
homozygosity as the spouses are most likely to share ancestral chromosomes.

Nevertheless, the number of matings between individuals with shared relatives
more than two generations back increased noticeably from 1940 to 2000. This explains
the growing tendency of the observed consanguinity on the island and may be, in part,
due to the growing size of the population.

The average values of the consanguinity rate (14.9%) and the coefficient of inbreed-
ing (54.05 x 10*) on Robinson Crusoe Island during the period 1900-2000 were
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higher than those registered in other non-native small areas of Chile over the same
period of time (Rothhammer & Llop, 2004). A large part of the observed consanguinity
can be explained by the geographical isolation of the island and its poor transport links.
Certainly, improved transport between the island and the mainland would be expected
to break down this isolation. However, if this hypothetic improvement did happen,
there would be other factors to take into consideration. First, the island is small in size
with a difficult geography to live in. It has a volcanic origin with almost no flat surfaces
or plateaus. Second, it has been declared a World Heritage Site by UNESCO and thus
most of the areas on the island cannot be used for housing. These two issues restrict im-
migration to the island. Finally, because of the lack of tertiary education on the island,
young adults have to leave to go to the mainland for further education opportunities.

Despite the suggestions from some scientists in the early 1960s about the uniqueness
of the population structure of the island (Orellana et al., 1975), no systematic studies
have been carried out in this population, as they have in other Chilean islands such
as Easter Island (Cruz-Coke, 1989). This study found a high level of consanguinity,
primarily accounted for by first and second cousin marriages. The unique characteristic
of the island — its small current population, originating from just a few families, with
small rate of gene flow — could explain the observed high and increasing consanguinity.
The population structure of Robinson Crusoe Island offers an unparalleled opportunity
to study the underlying causes of genetic pathologies on the island.

Acknowledgments

The authors are extremely grateful to the inhabitants of Robinson Crusoe Island who
agreed to participate in this study. They would like to thank the Mayor of the Ilustre
Municipalidad de Juan Fernandez for his infinite assistance in the development of this
research and the authorities of Armada de Chile for allowing travel to Robinson Crusoe
Island. Monica Garcia is thanked for her work on the genealogical records, and also
Dr Dianne Newbury and Dr Adrian Fuente for their comments on the original manu-
script, and Professor A. Bakr Rabie for his encouragement of this project. The work
was specifically funded by Vicerrectoria de Investigacion, Universidad de Chile (www.
uchile.cl), UCHILE DID TNAC 01-02/01, UCHILE DI MULT 05-05/02 grants. The
authors declare no conflict of interest.

References

Blanco, R. & Chakraborty, R. (1975) Consanguinity and demography in some Chilean Popula-
tion. Human Heredity 25, 477-487.

Blanco, R. & Covarrubias, E. (1971) Estudio genético en Caleu. Revista Médica de Chile 99, 139—
144.

Blanco Villegas, M. J. & Fuster, V. (2006) Reproductive pattern in consanguineous and non-
consanguineous marriages in La Cabrera, Spain. Annals of Human Biology 33, 330-341.

Brinck, G. (2005) Memorias insulares. Archipiélago Juan Fernandez. Azapa.

Cavalli-Sforza, L. & Bodmer, W. F. (1971) The Genetics of Human Populations. Freeman and
Co., San Francisco.

Champin, J., Rothhammer, F., Blanco, R. & Palomino, H. (1976) Consanguinidad en poblaciones
chilenas. Revista Médica de Chile 104, 202-206.



Consanguinity in an isolated Chilean population 9

Cohen, T., Vardi-Saliternik, R. & Friedlander, Y. (2004) Consanguinity, intracommunity and
intercommunity marriages in a population sample of Israel Jews. Annals of Human Biology
31, 38-48.

Cruz-Coke, M. (1989) The genes of Easter Islanders. Revista Médica de Chile 117, 685-694.

De Barbieri, Z., Maggiolo, M. & Alfaro, S. (1999) Trastornos de la comunicacion oral en nifios
que asisten a control de salud en un consultorio de atencion primaria. Revista Chilena de
Pediatria 70, 36-40.

El-Kheshen, G. & Saadat, M. (2013) Prevalence of consanguineous marriages among Shi’a
populations of Lebanon. Journal of Biosocial Science 10, 1-8.

Haldane, J. B. S. & Moshinsky, P. (1939) Inbreeding in Mendelian populations with special
reference to human cousin marriages. Annals of Eugenics 9, 321-340.

INE Instituto Nacional de estadisticas (2002) Censo 2002. REDATAM. URL: www.INE.cl.

Law, J., Boyle, J., Harris, F., Harkness, A. & Nye, C. (2000) Prevalence and natural history of
primary speech and language delay: findings from a systematic review of the literature. Devel-
opmental Medicine and Child Neurology 42,190-200.

Machado, T. M., Bomfim, T. F., Souza, L. V., Soares, N., Santos, F. L., Acosta, A. X. & Abe-
Sandes, K. (2013a) Types of marriages, population structure and genetic disease. Journal of
Biosocial Science 45, 461-470.

Machado, T. M., Bomfim, T. F., Souza, L. V., Soares, N., Santos, F. L., Acosta, A. X. & Abe-
Sandes, K. (2013b) Types of marriages, population structure and genetic disease — Erratum.
Journal of Biosocial Science 45, 575.

Orellana, M., Medina, A., Morel, T., Ruh, M., Hernandez, R. & Monleon, J. (1975) Las islas
de Juan Fernandez. Depto de Ciencias Antropoldgicas y Arqueoldgicas, University of Chile,
Santiago.

Patton, M. A. (2005) Genetics studies in the Amish community. Annals of Human Biology 32,
163-167.

Quezada, M. & Barrantes, R. (1973) Analisis de la endogamia en una poblacion chilena. Revista
Médica de Chile 101, 227-230.

Rothhammer, R. & Llop, E. (2004) Poblaciones chilenas cuatro décadas de investigaciones bio-
antropologicas. Editorial Universitaria, Santiago.

Schnyder, J. O. (2004) Juan Ferndndez — El tesoro de Chile. Editorial Cumberland, Santiago.

Serre, J. L. & Babron, M. C. (1985) Polymorphism and genetic evolution in an isolate in the
Antilles: Saint-Barthelemy. Annals of Human Biology 12, 413-419.

Shriberg, L. D., Tomblin, J. B. & McSweeny, J. L. (1999) Prevalence of speech delay in 6-year-
old children and comorbidity with language impairment. Journal of Speech, Language and
Hearing Research 42, 1461-1481.

Tomblin, J. B., Records, N. L., Buckwalter, P. R., Zhang, X., Smith, E. & O’Brien, M. (1997a)
Prevalence of specific language impairment in kindergarten children. Journal of Speech, Lan-
guage and Hearing Research 40, 1245-1260.

Tomblin, J. B., Smith, E. & Zhang, X. (1997b) Epidemiology of specific language impairment:
prenatal and perinatal risk factors. Journal of Communication Disorders 30, 325-344.

Varela, T. A., Ainsua, R. L. & Farifa, J. (2001) Evolution of consanguinity in Bishopric of Lugo
(Spain) from 1900 to 1979. Annals of Human Biology 28, 575-588.

Vicuia Mackenna, B. (1883) Juan Ferndandez. Historia verdadera de la isla Robinson Crusoe.
Rafael Jover, Santiago.

Villanueva, P., De Barbieri, Z., Palomino, H. M. & Palomino, H. (2008) High prevalence of
specific language impairment in Robinson Crusoe Island. A possible founder effect. Revista
Médica de Chile 136, 186—192.



10 P. Villanueva et al.

Villanueva, P., Jara, L. & Palomino, H. (2010) Association of D16S515 microsatellite with
specific language impairment on Robinson Crusoe Island, an isolated Chilean Population: a
possible key to understanding language development. Human Biology 82, 395-408.

Villarroel, H., Lazo, B., Campusano, C., Pinto-Cisternas, J. & Ballesteros, S. (1978) Consanguinity
and migration in Vifia del Mar, Chile 1888-1967. Revista Médica de Chile 108, 407-441.

Villanueva, P., Newbury, D. F., Jara, L., De Barbieri, Z., Mira, G., Palomino, H. M., Fernandez,
M. A. et al. (2011) Genome wide analysis of genetic susceptibility to language impairment in a
isolated Chilean population. European Journal of Human Genetics 19, 687—695.

Wang, W., Cong Qian & Bittles, A. H. (2002) Consanguineous marriage in PR China: a study in
rural Man (Manchu) communities. Annals of Human Biology 29, 685-690.

Zuiiiga, J. (1978) Inbreeding in the Elqui Valley’s hydrographic basin (1900-1975). Revista
Médica de Chile 106, 303-312.



@‘PLOS | GENETICS

CrossMark

click for updates

ﬁ OPEN ACCESS

Citation: Villanueva P, Nudel R, Hoischen A,
Fernandez MA, Simpson NH, Gilissen C, et al. (2015)
Exome Sequencing in an Admixed Isolated
Population Indicates NFXL1 Variants Confer a Risk
for Specific Language Impairment. PLoS Genet 11(3):
€1004925. doi:10.1371/journal.pgen.1004925

Editor: Brett S. Abrahams, UCLA, United States of
America

Received: June 3, 2014
Accepted: November 25, 2014
Published: March 17, 2015

Copyright: © 2015 Villanueva et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: Data used in this paper
come from a small and well-defined population. To
protect the identity of individuals, these confidential
data are not publically available. Data are available
from the University of Chile Ethics Committee for
researchers who meet the criteria for access to
confidential data.

Funding: DFN and the work of the Newbury lab are
funded by an MRC Career Development Fellow and
a Junior Research Fellow at St John’s College,
University of Oxford. The work of the Newbury lab is
funded by the Medical Research Council [G1000569/

RESEARCH ARTICLE

Exome Sequencing in an Admixed Isolated
Population Indicates NFXL1 Variants Confer
a Risk for Specific Language Impairment

Pia Villanueva'?%4*+ Ron Nudel®*, Alexander Hoischen®, Maria Angélica Fernandez?,

Nuala H. Simpson®, Christian Gilissen®, Rose H. Reader®, Lillian Jara', Maria
Magdalena Echeverry?, Clyde Francks®?®, Gillian Baird'°T, Gina Conti-Ramsden'7,
Anne O’Hare'?, Patrick F. Bolton'®", Elizabeth R. Hennessy'*", the SLI Consortium?,
Hernan Palomino®, Luis Carvajal-Carmona’~'%, Joris A. Veltman®, Jean-Baptiste Cazier
Zulema De Barbieri?, Simon E. Fisher®°“7, Dianne F. Newbury® 87+

16,17
’

1 Human Genetics Program, Institute of Biomedical Sciences (ICBM), Faculty of Medicine, University of
Chile, Santiago, Chile, 2 School of Speech and Hearing Therapy, Faculty of Medicine, University of Chile,
Santiago, Chile, 3 Department of Child and Dental Maxillary Orthopedics, Faculty of Dentistry, University of
Chile, Santiago, Chile, 4 Doctoral Program of Psychology, Graduate School, University of Granada,
Granada, Spain, 5 Wellcome Trust Centre for Human Genetics, University of Oxford, Oxford, United
Kingdom, 6 Department of Human Genetics, Radboud Institute for Molecular Life Sciences and Donders
Centre for Neuroscience, Radboud University Medical Center, Nijmegen, the Netherlands, 7 Grupo de
Citogenetica, Filogenia y Evolucion de las Poblaciones, Facultades de Ciencias y de Ciencias de la Salud,
Universidad del Tolima, Ibague, Colombia, 8 Max Planck Institute for Psycholinguistics, Nijmegen, the
Netherlands, 9 Donders Institute for Brain, Cognition and Behaviour, Radboud University, Nijmegen, the
Netherlands, 10 Newcomen Centre, the Evelina Children’s Hospital, London, United Kingdom, 11 School of
Psychological Sciences, University of Manchester, Manchester, United Kingdom, 12 Department of
Reproductive and Developmental Sciences, University of Edinburgh, Edinburgh, United Kingdom, 13
Departments of Child & Adolescent Psychiatry & Social Genetic & Developmental Psychiatry Centre, Institute
of Psychiatry, King’'s College London, London, United Kingdom, 14 University Child Health and DMDE,
University of Aberdeen, Aberdeen, United Kingdom, 15 UC Davis Genome Center, Department of
Biochemistry and Molecular Medicine, School of Medicine, University of California Davis, Davis, California,
United States of America, 16 Department of Oncology, University of Oxford, Oxford, United Kingdom, 17
Centre for Computational Biology, University of Birmingham, Edgbaston, United Kingdom, 18 St Johns
College, University of Oxford, Oxford, United Kingdom

@® These authors contributed equally to this work.

I These authors contributed equally to this work.

9 On behalf of the SLI Consortium. Membership of the SLI consortium is listed in acknowledgments.

* piavillahk@uchile.cl (PV, linguistic and population queries); dianne @well.ox.ac.uk (DFN, genetic queries)

Abstract

Children affected by Specific Language Impairment (SLI) fail to acquire age appropriate lan-
guage skills despite adequate intelligence and opportunity. SLI is highly heritable, but the
understanding of underlying genetic mechanisms has proved challenging. In this study, we
use molecular genetic techniques to investigate an admixed isolated founder population
from the Robinson Crusoe Island (Chile), who are affected by a high incidence of SLlI, in-
creasing the power to discover contributory genetic factors. We utilize exome sequencing in
selected individuals from this population to identify eight coding variants that are of putative
significance. We then apply association analyses across the wider population to highlight a
single rare coding variant (rs144169475, Minor Allele Frequency of 4.1% in admixed South
American populations) in the NFXL1 gene that confers a nonsynonymous change (N150K)
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and is significantly associated with language impairment in the Robinson Crusoe population
(p =2.04 x 104, 8 variants tested). Subsequent sequencing of NFXL1 in 117 UK SLI cases
identified four individuals with heterozygous variants predicted to be of functional conse-
quence. We conclude that coding variants within NFXL1 confer an increased risk of SLI
within a complex genetic model.

Author Summary

Children affected by Specific Language Impairment (SLI) have unexpected problems
learning to talk and understand language, despite developing normally in all other areas.
This disorder runs in families but we do not understand how the genetic contributions
work, or which genetic mechanisms might be important. In this paper, we study a Chilean
population who are affected by a high incidence of SLI. Such populations may provide in-
creased power to discover contributory genetic factors, under appropriate conditions. We
identify a genetic change in the population that causes a change to a protein called NFXL1.
This change is usually very rare but is found at a higher frequency than expected in our
population, particularly in those people affected by SLI. We then looked at this gene in
over 100 individuals from the UK affected by SLI and found four more changes that prob-
ably affect the protein. This is a higher number than we would expect by chance. We there-
fore propose that the NFXLI gene and the protein it encodes might be important in risk of
SLL

Introduction

Language deficits form a central feature of many developmental disorders and account for a
high number of pediatric referrals and statements of special educational need [1]. These lan-
guage impairments often represent a secondary clinical feature of a more pertinent develop-
mental disability such as Down syndrome, Autistic Spectrum Disorder or intellectual
disability. However, in a proportion of cases, the primary clinical concern is the language diffi-
culties, which occur in the absence of any other developmental deficit or neurological im-
pairment and in the presence of normal non-verbal IQ. In such cases, the diagnosis is Specific
Language Impairment (SLI) [2].

SLI affects between 5 and 7% of children in the UK [3] and significantly more boys than
girls [4]. The disorder is highly heritable [5] but genetic contributions are expected to be com-
plex in nature with significant heterogeneity between individuals [6]. Common risk variants
within ATP2C2 (OMIM#613082), CMIP (OMIM#610112) [7], ABCC13 (OMIM#608835) [8],
FLNC (OMIM#102565), RBFOX2 (OMIM#612149) [9] and ROBO2 (OMIM#602431) [10]
have been associated with quantitative measures of language skills. Genome-wide association
studies of language-impaired probands have also highlighted potential risk variants in NDST4
(OMIM#615039), ZNF385D, COL4A2 (OMIM#120090) [11] and NOP9 [12]. Other studies im-
plicate rare genetic events which may have higher penetrance [13,14]. However, it is clear that
the contributions of these various genetic effects are complex. Some may be specific to individ-
uals with certain forms of language deficits, others may contribute across the range of ability
[7,8,11,15,16]. The functional impact of these candidate genes has yet to be elucidated and fur-
ther candidates need to be identified before we can properly understand the molecular path-
ways underlying SLI.
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Clearer links have been made between the presence of language deficits and disruption of
the FOXP2 gene (OMIM#605317), a forkhead/winged-helix transcription factor [17,18]. Re-
duced functional dosage of FOXP2, caused by mutation or chromosomal rearrangements,
leads to characteristic deficits in coordinating sequences of orofacial movements, impairing
speech, producing a disorder known as developmental verbal dyspraxia (DVD) or childhood
apraxia of speech (CAS) [18-22]. Typically the DVD/CAS features of FOXP2 mutation cases
are accompanied by wide-ranging problems with spoken and written language [23]. Whilst
FOXP?2 disruptions are rare and account for only a small proportion of DVD/CAS cases, the in-
vestigation of this gene, its expression patterns and interactions, have led to the elucidation of
genetic networks that are important to language development and contribute to more common
forms of language impairment [23-25]. One of the transcriptional targets of FOXP2 is
CNTNAP2 (OMIM#604569), a member of the neurexin family which mediates interactions be-
tween neurons and glia during nervous system development [26]. Genetic variation across
CNTNAP2 has been associated both with language deficits [15,27-29] and language ability in
the general population [30-32]. Variations in, and disruptions of, this gene have also been im-
plicated across a range of neurodevelopmental disorders such as autism, epilepsy and schizo-
phrenia [26], indicating that it is likely to be crucial for brain development. These
investigations demonstrate how the identification of genetic mutations underlying a distinct se-
vere form of disorder provide entry points into mechanisms that are relevant to the wider pro-
cesses underlying the initial deficit.

In 2008, Villanueva et al described a population who are affected by an unusually high prev-
alence of language impairment [33]. This admixed population inhabits the Robinson Crusoe
Island which forms part of the Juan Fernandez Archipelago in the South Pacific Ocean, ap-
proximately 400 miles off the coast of Chile. The Island was last colonized in 1876 by 64 indi-
viduals of European and South American descent. In the 2002 census, the Island population
was 633, the majority of whom were descendants of the founder families. More than 70% of the
current population has a surname from the colonizing families and 14% of marriages involve
consanguineous unions [34]. In their 2008 study, Villanueva et al completed psychometric pro-
filing of 66 island children aged between 3 and 9 years of age, of whom 40 were descendants of
the founder party. They found that 35% of the founder-related children (14 of 40) were affected
by specific language impairment. No evidence for a male bias was observed in this group. A
further 27.5% of the founder-related child population (11 of 40) had language abilities below
that expected for their age but presented with additional developmental concerns or low non-
verbal IQ, precluding a diagnosis of SLI. The remaining 37.5% of founder-related children (15
of 40) had typical language development. In contrast, only one of 26 children whose parents
are not related to the founder families (3.8%) had evidence of language impairment, a frequen-
cy of language impairment that coincided with that seen in mainland Chile (3%) [33]. Further-
more, when the genealogical records of the islanders were recompiled, 90% of the individuals
affected by SLI were direct descendants of a single pair of founder brothers who formed part of
the founder party [33,35]. Given the clear phenotypic differences between founder-related and
non-founder-related children on the Island, we postulated that the founder brothers may have
carried a rare causative genetic mutation or, alternatively, combinations of common genetic
variations that together confer a high risk of language impairment. A previous genome-wide
linkage study of 34 families from the Robinson Crusoe Island identified significant linkage to
several chromosome regions, the most consistent of which included a large section (48Mb) of
chromosome 7q (SLI4 - OMIM#612514) that included many genes which represent good can-
didates for language impairment, including FOXP2 and CNTNAP2 [35]. However, in depth ge-
nomic profiling has yet to be performed within this population.
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Fig 1. Pedigree showing direct lines of descent between founder brothers and children in Robinson Crusoe validation cohort. Founder brothers are
individuals on the second line of the pedigree. Individuals with language impairment are colored in black. Individuals with typical language are denoted in
white. Individuals with unknown phenotype are shaded grey. Genotypes at rs144169475 are represented by small circles; blue circles represent homozygote
reference allele, red circles represent variant carriers, grey circles represent unknown genotype. Note that each individual may be represented through
multiple lines of descent and so might appear more than once on this diagram. Children are labelled according to affection status — SLI1 to SLI15 and TLD1 to
TLD17. Cases whose exomes were sequenced are indicated by asterisks. Three children (1 affected, 2 unaffected, none of whom carried the rs144169475
variant) are not represented on this figure since they were related to alternative founder families. SLI15 is known to be related to one of the founder brothers
but the exact line of descent is unknown.
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doi:10.1371/journal.pgen.1004925.g001

In this study, we make use of this admixed isolated population and assess the possibility of a
founder mutation, by completing exome sequencing of five individuals from the Robinson
Crusoe population affected by SLI. We substantiate the findings of the exome screen by per-
forming association analyses of selected putative functional variants in the wider Robinson
Crusoe population. The contribution of identified risk variants is subsequently validated by
performing targeted sequencing of candidate genes in a UK-based cohort of individuals affect-
ed by SLL

Results

We selected five related individuals with SLI from the Robinson Crusoe cohort for exome se-
quencing (Fig. 1). From the exome sequence data, we selected all novel variants (i.e. not re-
ported in publically available or in-house databases) that caused nonsynonymous changes or
changes to canonical splice sites and were shared by at least three of the five individuals se-
quenced. A flow diagram of our methodology can be found in S1 Fig.. All such variants were
subsequently genotyped in 111 founder-related cases and controls from the Robinson Crusoe
Island (Robinson Crusoe validation cohort) and tested for association to language impairment
using a method that takes into account familial relationships. To substantiate the findings of
the exome screen and association analyses, we then went on to sequence the coding regions of
candidate genes implicated from these investigations in an independent cohort of 117 British
children affected by SLI (SLIC cohort).

Exome sequencing

On average, 47,276 (median = 49,543, range = 43,075-50,112) genic variants were identified in
each of the five exomes. This included an average of 17,405 (median = 17,326, range = 15,200
19,837) exonic variants, 8,379 (median = 8,089, range = 7,258-9,629) missense variants and
106 (median = 90, range = 72-157) nonsense (including indels) variants per individual. Across
all five samples, 90.0% of targeted exome sequencing had coverage of at least 10-fold. The aver-
age coverage of targeted sequence was 56.5-fold and 21% of the reads reached this level. Se-
quencing metrics can be found in S1 Table. To test the hypothesis that the founder brothers
carried a rare causative genetic mutation, we focused upon novel variants that caused nonsy-
nonymous protein substitutions or altered canonical splice sites for our downstream analyses.
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Comparisons between individuals found that no such variants were shared by all five individu-
als. However, allowing for potential genetic heterogeneity between affected individuals, we
identified nine novel nonsynonymous or splice-site variants that were shared by at least 3 of
the 5 children sequenced (Table 1). Eight novel nonsynonymous or splice-site variants were
validated in the five exome samples by Sanger sequencing. None of these variants overlapped
with the regions of suggestive linkage (P<7.3x10™*, chromosomes 2, 6,7, 8,9, 12, 13 and 17, as
listed in S2 Table) previously identified in this population [35]. S3 Table provides a full list of
all shared, high-quality variants that fell within the previously identified regions of linkage. All
of these had previously been reported in dbSNP (138) and many were non-genic, intronic or
synonymous (see notes column in S3 Table).

Association analyses of key variants in Robinson Crusoe validation
cohort

All shared novel nonsynonymous or splice-site variants identified in the exome screen were
subsequently genotyped in 111 members of the Robinson Crusoe population (49 individuals
with language-impairment and 62 individuals with typical language ability). This validation co-
hort was ascertained via 35 children living on the Robinson Crusoe Island who had been diag-
nosed with SLI or who showed typical language development (as described in methods) and
included the five children used in the exome sequencing. All children were descendants of the
founder families of the Robinson Crusoe Island and, as such, the cases and controls used in
these association analyses were inter-related (Fig. 1). We therefore employed an association al-
gorithm that allowed for relatedness between cases (MQLS, [36]), and that took into account
the shared ancestry of the Robinson Crusoe validation cohort (288 individuals over 5 genera-
tions). These analyses highlighted one particular coding variant (chr4:g.47,907,320A>T, hg19)
that was present at a significantly higher frequency in Islanders with language impairment
than in Islanders with typical language ability (Table 1). Thirty nine percent of Islanders with
language impairment were found to carry this variant compared to ten percent of Islanders

Table 1. Association of novel nonsynonymous or canonical splice-site variants in 111 individuals from the Robinson Crusoe validation cohort.

Chr Variant Ref/ Average Gene Transcript ID Gene Amino SLI/  Variant SLI TLD MQLSs
Position variant read depth element Acid TLD' Freq® variant variant p
(hg19) across affected change freq® freq?

variant by variant

1 113,245,326 A/G 60 RHOC NM_001042678 IVS3 SA site 49/62 0.059 0.071 0.048 0.625

1 248,308,783*  T/A 415 OR2M5  NM_001004690 Exon 1 Cc1128 49/62 0.000 0.000 0.000 -

4 47,907,320 AT 57 NFXL1 NM_152995 Exon 4 N150K 49/62 0.113 0.194 0.048 0.0002

10 31,134,425 C/T 119 ZNF438 NM_001143766 Exon 8 R641H 49/62 0.158 0.173 0.145 0.466

11 33,054,503 T/G 36 DEPDC7 NM_139160 Exon 8 N444K 40/60 0.131 0.149 0.117 0.399

16 27,363,901 G/A 30 IL4R NM_000418 Exon 7 R185H 49/61 0.095 0.143 0.057 0.053

21 47,359,924 C/T 52 PCBP3  NM_001130141 IVS-12 SA site 48/59 0.266 0.292 0.246 0.228

22 41,257,834 T/TA 37 DNAJB7 NM_145174 Exon 1 V55VX 49/62 0.261 0.245 0.274 0.554

X 48,682,972 AG 30 HDAC6  NM_006044 Exon 29 N1200D 49/62 0.419 0.378 0.452 0.456

1 — The number of individuals with SLI genotyped / the number of individuals with typical language ability genotyped.

2 — Frequency of discovered variant in all genotyped Islanders

3 — Frequency of discovered variant in genotyped Islanders with SLI

4 — Frequency of discovered variant in genotyped Islanders with typical language ability

Note that all Islanders (both cases and controls) were related

*- this variant was not validated with Sanger sequencing and represents a false positive finding from the exome sequencing

doi:10.1371/journal.pgen.1004925.1001

PLOS Genetics | DOI:10.1371/journal.pgen.1004925 March 17,2015 5/24



@‘PLOS | GENETICS

NFXL1 Variants Confer Risk for Specific Language Impairment

with typical language skills (p = 2.04 x 10™*) (Table 1). Across the Robinson Crusoe validation
cohort, the minor allele frequency was 11.3% (25 of 222 chromosomes sampled) (Table 1).

Predicted functional effects of chr4:9.47,907,320A>T

Chr4:2.47,907,320A>T (hg19) falls in exon 4 of the Homo sapiens nuclear transcription factor,
X-box binding-like 1 (NFXL1I) gene (Fig. 2). The variant causes a nonsynonymous change
yielding an asparagine to lysine substitution in the encoded protein (p.N150K, uncharged
amino acid to positively charged amino acid). This change is predicted to be “disease-causing”
by MutationTaster with a confidence probability of 0.98 (SIFT = 0.67, PolyPhen-2 = 0.178).
The position is conserved at both the amino acid and nucleotide level (PhyloP = 0.66, Phast-
Cons = 1); the amino acid N150 is invariant across 36 of the 38 vertebrate species in which an
alignment could be made and the thymine nucleotide at this position is conserved across all six
ENSEMBL primate species investigated (Human, chimp, gorilla, orangutan, macque and mar-
moset) (Fig. 2).

Chr4:9.47,907,320A>T, hg19 in control populations

The variant at chr4:47,907,320 was not observed in 127 independent European population con-
trols that were genotyped (Table 2). We therefore went on to genotype an additional 320 inde-
pendent individuals from a Colombian population cohort and 121 independent individuals
from a Chilean control population cohort. In these cohorts, the variant was present with a
minor allele frequency of 4.2% (27 of 640 chromosome sampled) and 7.4% (18 of 242 chromo-
some sampled) respectively (Table 2). Subsequent data released by the 1000 genomes project
confirmed that this variant is specific to admixed American populations (AMR) with an

chrd:g.47,916,008G>A chré:g.47,907,320A>T chrd:g.47,898,575G>A chrd:g.47,887,652T>C
1 SLIC proband rs144169475 rs35139099 rs151113647
Robinson Crusoe variant 2 SLIC probands 1 SLIC proband

l

i\

A G ClEc

TG
200

T A

RO\

G

T

DNA TCC|CAA|GCC|CTG|CAG......TAT|GTA|AAT|GAA|GCT......TCA|CAG|CGT|TGT| CAC

ref s Q A L Q sosmns ¥ v N E B conuns S Q R ¢ H cuwee s H H T s Q
variant s Q A L Q : ¥ v K E A . s Q (¢] e H swscans H H A s Q
Chimp s Q A L Q . X v N E A . . S Q R 6 H avmss: H H T s Q
Gorilla no alignment I £ v N E A . .8 Q R c H ...... H H T S Q
Orangutan s Q A L Q ...... Y v N E A . - Q R c H ...... H H T s Q
Rhesus ] Q A L Q . ¥ v N E A . . S Q R c H quwess H H T s Q
Mouse G E A P Q s ¥ L N E A . . 8 Q R c H vaowsns H H A S Q
G.gallus no alignment - 4 v N E A . . 8 Q R C H aomwans H H P T Q
Drosophila no alignment : X i H E ¥ . . 8 Q R c H sauun: H H A I =
Zebra Finch no alignment « X M N E A . s S Q R 6, H sicuss H H S T Q
Xenapus R G N A ¥ . Y v N E A . . S Q R c H ...... H H E v R
Fugu no homologue no homologue . no homologue — ...... no homologue
C.elegans no homologue no homologue o ) no homologue  ...... no homologue
Zebrafish no alignment « ¥ L H E W cossms O M R e H conuss H H A S Q

Fig 2. Putative contributory coding variants identified in NFXL1 by this study. Position of putative NFXL1 coding variants with respect to exons and
protein coding sequence. Genomic coding exons (exons 2—-23) are shown by pink bands at the top. Protein motifs are represented by colored bands in the
lower boxes. The red box represents a Znf RING motif, the yellow boxes represent Znf NFX1 motifs, the blue box represents a coiled-coil domain and the
green box a transmembrane domain. Putative contributory coding variants are shown by arrows. Blue arrows denote synonymous changes, red arrows
nonsynonymous changes. Sanger sequencing plots are given for all variants identified. Conservation of amino acid sequences across 11 species shown for
all variants identified. The ref row shows the human reference allele and the variant row shows the observed variant in our samples. All sequences that differ
from the reference sequence are shown in red.

doi:10.1371/journal.pgen.1004925.9002
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average minor allele frequency of 4.1%. In the sub-populations of the AMR grouping, the
minor allele frequency is reported as 0.9% in Puerto Ricans (PUR - 1 in 110 chromosomes
sampled), 3.3% in Colombians in Medellin (CLM - 4 in 120 chromosomes sampled) and 7.6%
in individuals of Mexican ancestry in Los Angeles (MXL - 10 of 132 chromosomes sampled)
(Table 2). The variant has recently been designated as rs144169475 accordingly.

Linkage analyses of chromosome 4 (46—49Mb)

Parametric and nonparametric linkage analyses were performed for 55 SNPs across the NFXL]I
region of chromosome 4 (46-49Mb, hg19) within seven extended pedigrees from the Robinson
Crusoe validation cohort (S2 Fig.). In these analyses, we did not observe evidence of linkage
(maximum LOD score = 0.62, S3 Fig.).

Sequencing of NFXL1 in a language-impaired cohort (SLIC)

We sequenced the entire coding region of the NFXL1I gene in 117 unrelated probands affected
by SLI (from the UK SLI Consortium (SLIC) cohort [7,37-39]), to assess whether we could rep-
licate a role for NFXL1 in SLI etiology. In total, we identified 166 high-quality sequence variants
across the NFXL1I gene. 155 of the variants detected were intronic, 4 were in the 3UTR and 7
affected the coding region. Of the coding variants, three were nonsynonymous and four were
synonymous substitutions (Table 3).

Nonsynonymous variants and those with estimated allele frequencies of <5% were verified
across all the pools of DNA in which they were observed using Sanger sequencing. This allowed
the derivation of accurate allele frequencies within the SLIC cohort.

One of the synonymous variants (chr4:g.47,916,008G>A, hg19) was found in a heterozy-
gous state in one SLIC proband (allele frequency of 0.43%) but had not been documented in
any European individuals in the 1000 genomes project [40] or the NHLBI GO ESP Exome Var-
iant Server (EVS), which together consist of data from 4679 control individuals and therefore
have the ability to detect rare variants with a population frequency of 0.0001. A comparison of
allele frequencies between SLIC probands (1 of 234 chromosomes tested) and controls (0 of
9358 chromosomes tested) yielded a significant P-value of 0.0244. Intriguingly, although it is
synonymous, this variant was predicted to be “disease-causing” by MutationTaster with a con-
fidence probability of 0.98 (SIFT = 1.0). This variant falls in the most 5" coding exon of NFXLI
and is part of a CpG island, indicating that it may be important for the regulation of gene ex-
pression. Furthermore, ENCODE data shows that it is part of a H3K4Me3 mark (which is
often associated with promoters) and binds multiple transcription factors, particularly
POLR2A ¢-MYC and PHF8 (www.genome.ucsc.edu, accessed April 2014).

The remaining three synonymous variants (rs2053404, rs6818556 and rs35139099) found
in SLIC probands were also found at similar frequencies in control databases. All had allele fre-
quencies of >5% and are therefore thought to represent common polymorphisms (Table 3).

One nonsynonymous substitution (chr4:g.47,887,652T>C, hg19 - rs151113647) was found
in a heterozygous state in a single SLIC proband (allele frequency of 0.43%) and again, was not
observed in 4679 independent European individuals in the control public databases (Table 3),
yielding a significant P-value of 0.024 (1 of 234 SLIC chromosomes tested vs 0 of 9358 control
chromosomes tested). Further investigations found that this variant had been observed in a
heterozygous state in a single African American individual from the EVS. Principal compo-
nents analysis of genome-wide SNP data in the SLIC proband against the hapmap-3 popula-
tions did not detect any African ancestry. The rarity of the rs151113647 variant and its position
within a zinc-finger motif (Fig. 2) indicates that it may confer negative effects upon protein
function. Nonetheless, because the nucleotide is not highly conserved across species (phylo

PLOS Genetics | DOI:10.1371/journal.pgen.1004925 March 17,2015 7/24
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Chr4:g.47,898,575 - rs35139099G>A, hgl9. Nonsynonymous coding variant
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Chr4:g.47,887,652T>C, hgl9 - rs151113647. Nonsynonymous coding variant
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Chr4:g.47,916,008G>A, hgl9. Synonymous coding variant
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Fig 3. Coding variants observed in SLIC probands and their families. Pedigrees are shown for nuclear
families of SLIC individuals carrying three coding variations in NFXL1. Individuals carrying the variants are
identified with a black circle. Sequencing traces of each variant is shown. SLIC probands are colored in red
and other family members with SLI (defined as expressive and/or receptive language skills >1.5SD below
that expected for their age) are colored in orange. In pedigree 3 (rs151113647), the youngest sibling (colored
in yellow) did not meet the criteria for SLI but had expressive and receptive language scores ~ 1SD below
that expected for his age. Individuals with no shading have typical language ability. DNA was not available for
individuals colored in grey.

doi:10.1371/journal.pgen.1004925.g003

P =-0.418, phastCons = 0.925), the change was predicted to be a polymorphism by Mutation-
Taster with a confidence probability of 0.99 (SIFT = 0.68, polyphen-2 = 0.00) (Fig. 2).

A second nonsynonymous substitution (chr4:47,898,575G>A, hgl9 - rs35139099) was ob-
served in a heterozygous state in two independent SLIC probands (allele frequency of 0.85%).
This variant was also found in 44 of 4679 independent European control individuals from pub-
lic databases (allele frequency of 0.47%, Table 3) yielding a P value of 0.3097. Although, it was
not observed to occur at a significantly increased frequency in SLIC probands, the rs35139099
variant occurs at a conserved residue (phyloP = 1.466, phastCons = 1) within a zinc-finger
motif (Fig. 2) and is therefore predicted to be damaging by MutationTaster with a confidence
probability of 0.99 (SIFT = 0.00, Polyphen-2 = 1.00) (Fig. 2).
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The remaining nonsynonymous variant (chr4:g.47,901,476G>A, hgl19 - rs12651301) was
observed to occur across all the sequence pools with an estimated allele frequency of 32%
(Table 3). This common variant was also observed in independent European controls from
public databases with a frequency of 31% (Table 3) and falls outside of any protein motifs and
is thus likely to represent a polymorphism.

The three rare variants identified (rs151113647, rs35139099 and chr4:2.47,916,008G>A,
hg19) were sequenced in all available family members of the SLIC proband in whom they were
observed (Fig. 3). The chr4:2.47,916,008 variant was inherited from an affected father by two
affected children and one child with typical language development (Fig. 3). The rs151113647
variant was inherited from a father, who reports a history of language and literacy problems, by
the proband, who attends a special language unit, and his sibling, who also has SLI. The middle
child in this family, who also showed evidence of expressive and receptive language deficits, did
not inherit the variant (Fig. 3). Two SLIC families carried the rs35139099 variant; in the first,
the variant is present in the father, who self-reports a history of dyspraxia, and passed onto
both the proband and her elder sib, each of whom has expressive and receptive language prob-
lems. The youngest daughter in this family, who was observed to have a similar pattern of lan-
guage deficits, did not inherit the variant (Fig. 3). In the second family carrying the rs35139099
variant, the change was present in both the proband and his younger sib, who had expressive
and receptive language scores ~ 1SD below that expected for his age, indicating that it is inher-
ited (Fig. 3). The variant was not present in the mother and we did not have a DNA sample, or
phenotypic data, from the father. Nonetheless, haplotype analyses of genome-wide SNP data
indicated that the two children shared the same paternal chromosome in this region indicating
that the rs35139099 variant was likely inherited from the father.

Discussion

In this paper, we report results from the whole exome sequencing of five individuals from an
isolated Chilean island population affected by a high incidence of SLI. We identify a heterozy-
gous nonsynonymous coding variant in the NFXLI gene that is shared by three of the five indi-
viduals sequenced. Association analyses within a larger Robinson Crusoe validation cohort,
demonstrated that this variant occurred at a significantly increased frequency in Islanders with
language impairment than those with typical language development (P = 0.0002) and is pre-
dicted to be “disease-causing”. Subsequent sequencing of NFXLI in a cohort consisting of 117
independent UK probands (SLIC) with SLI identified four individuals with putative high-risk
variants in the heterozygous state; three SLIC individuals carried rare nonsynonymous changes
and one SLIC individual carried a novel variant that falls within a regulatory motif. Given the
above evidence, we postulate that variants within NFXL1 may contribute to genetic risk of lan-
guage impairment. We propose that such changes are likely to function as—risk variants with a
complex model of inheritance.

We used the Robinson Crusoe ancestry to trace back the relationships between individuals
carrying the associated rs144169475 variant. The only common ancestors to the carriers were
two founder brothers who had previously been reported to head the SLI lineage on the Island
(Fig. 1). These brothers were related to all carriers of the rs144169475 variant (Fig. 1). However
no single brother was related to all Islanders carrying the variant allele (Fig. 1). We therefore
concluded that both founder brothers are likely to have carried the variant. These data there-
fore support the founder model of language impairment proposed at the outset of this study.
We performed allele dropping simulations within the descendants of these founder brothers
and found that a variant with an allele frequency of 3-9% in the founder population would be
expected to have a frequency of 8-14% in the current population (SI Text, S4 Table). This
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prediction fits well with the observed frequency of 12.5% in the founder-related Islanders and
is elevated above that observed in Chilean population controls (7.4%), indicating the presence
of a founder effect at this locus. Moreover, we found that the increased frequency of the
rs144169475 variant is driven by Islanders with SLI (19.4% in 49 individuals with SLI vs 4.8%
in 62 individuals with typical language ability) (Table 2).

Our data further suggest that the effects of rare mutations in NFXLI may extend to the etiol-
ogy of SLI in other populations. In a screen of the NFXLI coding regions in 117 independent
UK probands affected by SLI, we observed four individuals who carried rare coding changes
generating a combined high risk allele frequency of 1.71%. By contrast, the combined allele fre-
quency of these three variants in 4679 independent European controls (from the 1000 genomes
and EVS public databases) is 0.47%, a difference that yields a marginally significant P-value of
0.029 (4 of 234 SLIC chromosomes vs 44 of 9358 control chromosomes). Extending our inves-
tigations to include all private coding mutations (i.e. only found in one individual) across the
entire NFXL1 transcript, as opposed to the consideration of the three specific mutations con-
sidered above, we again observed a marginally increased frequency in the SLIC cohort (2 of 234
chromosomes tested, 0.85%) above that expected given the data reported in public European
databases (EVS European American and 1000 Genomes EUR super-population — 28 of 9358
chromosome sequenced, 0.3%, P = 0.0359). Broadening our investigation to include all rare
coding changes (<1%) across the entire NFXLI transcript, revealed a similar trend (1.71%

(4 of 234 chromosomes sequenced) in the SLIC cohort, compared to 1.36% (127 of 9358
chromosome sequenced) in public European databases) but this did not reach significance
(P = 0.3821).

Given our consistent findings across cohorts, and in line with the data arising from other
neurodevelopmental disorders, we suggest that rare variants in NFXL1 may represent genetic
risk factors with incomplete penetrance. Given our data, it is likely that these putative risk fac-
tors are modulated by other genetic variations and/or environmental factors [41-43]. We
could not identify a distinct or specific phenotypic feature that distinguished rs144169475 lan-
guage-impaired carriers from language-impaired non-carriers. Nor did we observe complete
co-segregation between NFXLI variants and the presence of SLI in either the Robinson Crusoe
validation population or the UK SLIC cohort. Thirty nine percent of the Robinson Crusoe vali-
dation cohort affected by language impairment carried the rs144169475 variant, as did ten per-
cent of the Robinson Crusoe validation cohort with typical language ability. Similarly, one of
the variants observed in the SLIC probands was inherited by a child with typical language de-
velopment and two children affected by language impairment did not inherit the observed vari-
ant. In addition, we observed a high phenocopy rate in the Robinson Crusoe cohort; only 39%
of individuals affected by language impairment carried the rs144169475 variant. Incomplete
segregation is commonly described in neurodevelopmental disorders such as autism [42,43]
and intellectual disability [44,45] and represents a major challenge in the interpretation of
high-throughput sequencing data [46].

The NFXLI gene encodes a NFX-1-type nuclear zinc-finger transcriptional repressor that is
expressed at the cytoplasm [47]. Little is known regarding the function of the NFXL1 protein;
no disorders have been identified that arise from the mutation of this gene and no animal
knock-outs have been described. The protein has zinc-finger domains which mediate DNA
binding and carries a RING domain that has E3 ubiquitin ligase function (Fig. 2) [48]. This
transcription factor has been shown to be highly expressed in embryonic stem cells prior to
differentiation into myelinated oligodendrocytes [49] and shows a high level of expression in
the early mouse embryonic development (E11.5) and in human cerebellar structures (www.
brainmap.org). NFXLI is so-called because it is a paralogue of the NF-X1 transcription factor
which binds the X-box sequence of class II MHC genes [50]. This feature may be relevant in
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light of a recent study that found association between HLA loci and SLI [51]. Similarly, an NF-
X1 isoform functions in the regulation of the NFxB pathway [52], as does CMIP, a gene impli-
cated in the etiology of SLI in UK populations [7,53].

Limitations of our study

A natural limitation of all studies of founder or isolated populations is the restricted size of the
cohort. Although our study represents a comprehensive profiling of the Robinson Crusoe child
population, the total sample consisted of only 111 individuals, 100 of whom were founder-re-
lated and 49 of whom had language impairment. Although it should be noted that the power of
this particular sample lies in the close relationships between individuals rather than the abso-
lute number of samples, the issue of sample sizes is especially pertinent when one is considering
rare variations. Thus it is of particular importance that we observed independent evidence im-
plicating NFXL1 rare variants in another cohort. However, in the absence of a large South
American cohort of language-impaired individuals, we were unable to include the rs144169475
variant in our replication investigations (since this SNP is particular to South American popu-
lations). Thus, further studies of larger sample sizes that include language-selected controls
and South American individuals will be required to fully evaluate the role of rs144169475 and
rare NFXLI coding variants in SLI susceptibility.

Of note, none of the shared variants identified through exome sequencing co-incided with
regions of suggestive linkage reported in a previous genomewide linkage study of the Robinson
Crusoe population (S2 and S3 Tables) [54]. Nor did we find evidence for linkage to the NFXL1
region of chromosome 4 (54 Fig.). We must therefore acknowledge that the increased frequen-
cy of rs144169475 in language-impaired individuals of the Robinson Crusoe validation cohort
does not directly indicate pathogenicity. The result may represent a chance finding or, alterna-
tively, rs144169475 may be a proxy for the causal variant. Since the exome sequencing per-
formed did not capture 100% of the exome, it is possible that the causal variant was not
detected here. Full genome sequencing would be required to fully investigate this possibility.
However, it is also important to note that a lack of linkage does not preclude the presence of a
causal variant and may instead reflect the complexities of analyzing a pedigree of this size and
complexity [55]. The pedigree, which explained the known relationships between the founder
brothers and the Robinson Crusoe validation cohort, included 288 individuals (321 bits, where
a bit is defined as twice the number of non-founders—the number of founders) and so had to
be broken into smaller sets for linkage analyses. This segmentation process discards informa-
tion and can reduce the power to detect linkage if individuals sharing the linked chromosome
segment are split between sub-pedigrees [56]. Lastly, since we hypothesize that SLI in this pop-
ulation has a complex genetic basis and involves incomplete and a high phenocopy frequency,
it is possible that the power to detect linkage is insufficient. We observed reduced penetrance at
the NFXL1I locus (of 25 variant carriers, 19 were diagnosed with SLI, penetrance of 76%) in
combination with evidence of a high phenocopy rate in our cohort (of 49 individuals with lan-
guage impairment, 19 carried the variant, phenocopy rate of 61%). In combination, these fac-
tors break down the correspondence between genotype and phenotype, compromising the
ability to detect linkage [57].

In summary, the Robinson Crusoe admixed founder population represents a rare resource
which may assist in the identification of genetic variants that contribute to SLI susceptibility.
Exome sequencing of five individuals from this population identified eight shared coding vari-
ants. One of these variants (rs144169475) was found to be significantly associated (P = 0.0002)
with language impairment in the wider Robinson Crusoe population. rs144169475 confers a
nonsynonymous change (N150K) in the NFXLI gene at a highly conserved residue. Subsequent
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sequencing of the NFXLI coding regions in 117 independent UK SLI cases identified four indi-
viduals with rare heterozygous variants predicted to be of functional consequence. We con-
clude that coding variants within NFXL1 confer an increased risk of SLI within a complex
genetic model.

Materials and Methods
Ethics

The work on the Robinson Crusoe Island was approved by the ethics department of the Uni-
versity of Chile. Ethical permission for each SLIC collection was granted by local ethics com-
mittees. Guys Hospital Research Ethics Committee approved the collection of families from
the Newcomen Centre to identify families from the South East of England with specific lan-
guage disorder. Ref No. 96/7/11. Cambridge Local Research Ethics Committee approved the
CLASP project "Genome Search for susceptibility loci to language disorders” Ref No. LREC96/
212. Ethical approval for the Manchester Language Study was given by the University of Man-
chester Committee on the Ethics of Research on Human Beings. Ref No. 03061 The Lothian
Research Ethics Committee approved the project "Genetics of specific language impairment in
children in Scotland" for the use of the Edinburgh samples. Ref. No. LREC/1999/6/20. The eth-
ics department of the University of Chile approved the project "Genetic analysis of language-
impaired individuals from the Robinson Crusoe Island". Project Number 001-2010. Informed
consent was given by all participants and/or, where applicable, their parents.

Ascertainment of the Robinson Crusoe population

The Robinson Crusoe cohort was ascertained on the basis of phenotypic data from 61 children,
between the ages of 3 years and 8 years, 11 months (i.e. the child cohort, described below) all of
whom were descendants of the founder families and represents an extended cohort (including
children who have turned 3 years of age since 2008) of that described in [33]. First-degree rela-
tives of founder-related children found to meet criteria for SLI or typical language development
were then also assessed for language performance (i.e. the family cohort, described below). Age
constraints of available standardized tests meant that different language batteries were em-
ployed within the child and family cohorts.

Phenotyping and selection of the Robinson Crusoe child cohort

The language ability of 61 children, all of whom were related to a founder individual, was as-
sessed by tests of expressive and receptive language (Toronto Spanish Grammar Exploratory
test, TEGE [58]) and phonology (Phonological simplification test (Test para Evaluar Procesos
de Simplificacién Fonol6gica—TEPROSIF [59]). Nonverbal IQ was tested using the Colombia
Mental Maturity Scale [60]. In addition, all children were subjected to an auditory screen and
oral motor exam [61]. All tests were validated and normalized in Chilean populations. On the
basis of these tests, all children were classified into one of the three following categories:

1. “Specific Language Impairment)” (N = 16, 7 male, 9 female, 26.2%) defined as (i) perfor-
mance >2SD below expected on TEPROSIF (for children aged 6 years or less) or perfor-
mance >2 years below expected for chronological age on TEPROSIF (for children aged over
6 years) and/or performance below the 10™ percentile on either the receptive or expressive
scales of the TEGE, (ii) nonverbal IQ not below the 10™ percentile, (iii) normal hearing, oral
motor skills and neurological development.
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2. “Typical language development” (N = 23, 8 male, 15 female, 37.7%) defined as (i) perfor-
mance not >2SD below expected on TEPROSIF or performance >2 years below expected
for chronological age on TEPROSIF (for children aged over 6 years) and performance above
the 10" percentile on both the receptive and expressive scales of the TEGE.

3. “Nonspecific language impairment” (N = 22, 13 male, 9 female, 36.1%) defined as (i) perfor-
mance >2SD below expected on TEPROSIF or performance >2 years below expected for
chronological age on TEPROSIF (for children aged over 6 years) and/or performance below
the 10™ percentile on either the receptive or expressive scales of the TEGE, and (ii) nonver-
bal IQ >1SD below age-expected, and/or (iii) evidence of hearing loss or oral motor disabili-
ty (e.g cleft lip) or abnormal neurological development.

The observed language deficits in the individuals diagnosed with SLI were typical of those
described in other SLI cohorts and involved varied deficits across grammatical, morphosyntac-
tical and receptive aspects of language, but not dialectic variations in intonation, vocabulary
or phonology.

Phenotyping and selection of the Robinson Crusoe family cohort

Since we were particularly interested in genetic contributions to SLI, our family cohort con-
sisted of the first-degree relatives of the 39 founder-related children presenting with SLI or typ-
ical language development. All available first-degree family members (92 parents and siblings,
47 male, 45 female) were assessed for language difficulties using tests of verbal fluency (Barce-
lona test [62]) and verbal comprehension (Token test [63]). These family members included 11
parents who were not related to a founder member of the Island (referred to as non-founder-
related parents). In addition to these formal language assessments, all individuals (or their pa-
rents or spouses) completed a family history interview (provided by P Tallal) [64], which spe-
cifically asks questions regarding language difficulties. On the basis of these data individuals
were classified as either:

1. “Language-impaired” (N = 34, 15 male, 19 female, 37.0%, including 4 non-founder-related
parents) if they scored below the 10™ percentile on either the Barcelona test or the token
test or they self-reported a need for writing or reading support at school or a history of lan-
guage support in the family history questionnaire.

2. “Typical language ability” (N = 58, 32 male, 26 female, 63.0%, including 7 non-founder-re-
lated parents) if they scored above the 10™ percentile on both the Barcelona test and the
token test and they indicated no requirement for writing, reading or language support in the
family history questionnaire.

Exome sequencing of selected Robinson Crusoe children

Five Islanders (3 male, 2 female) from the child cohort who had been diagnosed with SLI were
selected for exome sequencing. The selection of individuals for sequencing was based upon the
amount and quality of DNA available, the severity of observed language impairment and their
known relationships with other affected individuals. The five children were selected to cover
the different branches of the founder pedigree and were descendants of the founder families
(Fig. 1).

Exome capture was performed using 10ug of genomic DNA with a first generation (v1) Agi-
lent SureSelect human exome kit (Agilent, Santa Clara, CA, USA), which provide an average
target coverage of 80% of the exome at 56-fold across all samples. Sequencing of the generated
fragments was performed on the SOLIiD 4 sequencer (Life Technologies, Carlsbad, CA, USA).
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Color space reads were mapped to the human reference genome (hgl8) in the SOLID bioscope
software (v1.2), which applies an iterative mapping approach. Variants were called using a
diBayes algorithm [65] using high stringency settings, requiring calls on each strand. Small in-
sertions and deletions were detected using the SOLiD Small Indel Tool. We assumed a binomi-
al distribution with a probability of 0.5 of sequencing the variant allele at a heterozygous
position. Given such a distribution, a minimum of ten reads would be required to provide a
99% probability that two or more reads contain an allele variant call. We filtered variant calls
to have at least four unique (i.e. different start sites) variant reads with the variant being present
in at least 15% of all reads.

To test the hypothesis that the founder brothers carried a rare causative genetic mutation,
for our downstream analyses, we focused upon novel variants that were potentially deleterious.
Each exome file was individually filtered to exclude nongenic, intronic (other than canonical
splice sites) and synonymous variants. The remaining nonsynonymous and splice-site muta-
tions were further filtered to exclude known sites of variation (as described in dbSNP, (build
130), publically available genome sequences and an in-house sequencing database). The re-
maining variants were then compared across exome samples to allow the selection of variants
that occurred in 3 or more of the 5 children sequenced. A flow diagram of the methodology
can be found in S1 Fig.. Shared novel, potentially deleterious variants discovered in the exome
data were verified by Sanger sequencing. Primers for Sanger sequencing were designed in prim-
er3 [66]. Primer sequences are available on request.

Association analyses of selected variants in the Robinson Crusoe
population

All novel nonsynonymous or canonical splice-site variants found to occur in 3 or more of the 5
exome samples were also genotyped in the wider child and family cohorts from the Robinson
Crusoe population. We were able to obtain DNA samples for 35 founder-related children
(from the SLI and typical language development child groups described above) and their family
members (from the family cohort described above). Forty nine of these individuals (16 chil-
dren, 22 parents (4 of whom were non-founder-related), 7 siblings and 4 half-siblings) were
language impaired and 62 (19 children, 32 parents (7 of whom were non-founder-related), 9
siblings and 2 half-siblings) had language ability in the normal range. These families included
the five children used in the exome sequencing. DNA was extracted from EDTA whole blood
samples using a standard chloroform extraction protocol. All novel nonsynonymous or canon-
ical splice-site variants identified from the exome screen were sequenced using a standard
Sanger protocol in these 111 individuals.

The resultant genotype data were used to perform a family-based test of association within
the MQLS-XM package [36,67]. This algorithm calculates a quasi-likelihood score which cor-
rects the Chi-square statistic for relationships between individuals, providing accurate type I
error rates [68]. The MQLS-XM extension allows for the accurate application of this statistic to
X-linked markers [67]. The MQLS algorithm distinguishes between unaffected controls and
controls of unknown phenotype, can incorporate phenotypic data from individuals who have
not been genotyped [36] and is robust to the mis-specification of prevalence. It allows for the
presence of both linkage and association effects in the test statistic and is computationally
straightforward making it particularly suitable for large complex pedigrees in which cases and
controls may be inter-related, as is the case in this study [36].

A full pedigree structure was generated that accounted for all known relationships be-
tween 111 individuals from the child and family cohorts and the two identified, shared,
founder brothers. This pedigree included 288 individuals (141 males, 144 females and 85
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founders (i.e. individuals with no parental information available—both original founders
and incoming), 203 non-founders) over 5 generations. As described above, 111 individuals
(including 11 non-founder-related parents) had full genotype and phenotype data, 11 indi-
viduals were also included who had phenotype data but no genotype data and the remaining
166 individuals had no phenotype or genotype data but defined relationships between the
111 genotyped individuals and the founder brothers. In the MQLS-XM analyses, the ex-
pected prevalence of SLI was set at 0.25 for males and 0.27 for females. These figures were de-
rived from the child cohort described above.

Any variant that was significantly associated with language impairment in the population
cohort was genotyped in 127 independent European population controls (ECACC, HRC-1
DNA Panel),441 independent South American controls; 320 individuals of Colombian descent
and 121 individuals of Chilean origin. The Colombian controls were collected as part of a ge-
netic demography study in the Colombian population, where all participants had to have four
grandparents of local origin (provided by Luis Carvajal-Carmona and Maria Magdalena Eche-
verry). The Chilean controls were ascertained from the Santiago area and consisted of DNA
from 30 male Chilean students (provided by P Villanueva) and from 91 female adult controls
from a breast cancer study (provided by L Jara, University of Chile). Genome-wide SNP data
indicated that these samples were of Amerindian and European ancestry. Note that both the
European and South American control populations were unselected and, as such, were not
screened for language ability.

Linkage analysis of chromosome 4

Genome-wide linkage data for the Robinson Crusoe validation cohort have previously been re-
ported [35]. These previous analyses included 6,090 SNPs and reported suggestive linkage
(P<7.3x10™*) between SLI and chromosomes 2, 6, 7, 8,9, 12, 13 and 17. In the current study,
we had access to a new set of denser genotypes from the Robinson Crusoe population, generat-
ed with the Affymetrix Axiom GW-LAT 1 array (Affymetrix Inc, Santa Clara, CA, www.
affymetrix.com), supplemented with a custom array designed to cover South American-specific
variants which together included 1,141,741 SNPs.

929 SNPs across chromosome region chr4:46,000,000-49,000,000 (hg19) were selected to
cover the chromosome region surrounding the NFXLI gene (reported transcript—
chr4:47,849,258-47,916,680, hg19). SNP data were filtered within PLINK [69] to remove mark-
ers in close linkage disequilibrium (r*>0.5) resulting in a linkage dataset of 54 independent
SNPs that were appended with rs144169475 genotype data and analysed for linkage in MER-
LIN [70]. Linkage disequilibrium between these SNPs and rs144169475 are provided in S3 Fig.

Since linkage packages were unable to analyse genome-wide data for the 321-bit Robinson
Crusoe validation pedigree as a whole, it was broken into sub-pedigrees manually selected on
the basis of closest shared ancestor. We employed linkage sub-pedigrees and linkage methods
analogous to those described in the previous linage study [35]; Seven extended families of 20—
24 bits (where a bit is defined as twice the number of non-founders—the number of founders)
were analysed for linkage under parametric and nonparametric models with MERLIN (S2 Fig.)
Parametric linkage analyses were performed under a model which reflected the observed na-
ture of rs144169475 (assuming a disease frequency of 26.2% (as observed in the Robinson Cru-
soe children) and penetrance of 0.76 (as observed in the Robinson Crusoe validation cohort).
Nonparametric linkage results are reported as P-values derived from the Kong and Cox expo-
nential model, which can be more powerful in large pedigrees [71]. Expected allele frequencies
were derived from the 1000 Genomes AMR super-population (integrated phase 1, accessed
March 2014) which includes 181 independent South American individuals (60 Colombians
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from Medellin, Colombia (CLM), 66 individuals with Mexican ancestry in Los Angeles (MXL)
and 55 Puerto Ricans from Puerto Rico (PUR)) [40].

Functional effects of identified variants

Putative functional effects of associated variants were evaluated using MutationTaster [72].
MutationTaster uses a Bayes classifier which integrates information from various biomedical
databases and analysis tools to evaluate the possible pathogenicity of coding variants. Muta-
tionTaster considers evolutionary conservation at both the nucleotide and amino acid level,
splice-site changes, loss of protein motifs or features and changes that might affect the level of
mRNA expression and stability within a single tool to classify variants as a “disease mutation”
or a “polymorphism”. A p-value is given to indicate “the security” of the prediction [72]. The
MutationTaster algorithm was trained using more than 390,000 known disease mutations
from HGMD and more than 6,800,000 SNPs and Indel polymorphisms from the 1000 Ge-
nomes Project.

For each of the variants highlighted, we also present the SIFT and polyphen-2 scores. In
contrast to MutationTaster, the SIFT and PolyPhen algorithms primarily consider protein se-
quences, motifs and structures to assign pathogenicity and therefore can only be applied to
coding changes. SIFT performs a multiple alignment of closely related protein sequences to
identify conserved motifs and assign a probability that a given amino acid substitution is path-
ogenic [73]. PolyPhen-2 uses a Bayes classifier to consider the property of the reference and
variant amino acids, the amino acid conservation, protein motifs and 3D protein structure to
derive a probability that a mutation is damaging [74]. SIFT scores vary between 0 and 1.
Amino acid substitutions are classified as “deleterious” for scores <0.05 and “tolerated” for
scores >0.05. In Polyphen-2, two training models are available—HumDiv, which is more ap-
propriate for the identification of fully penetrant Mendelian mutations and HumVar, which is
more appropriate for the classification of rare alleles at loci potentially involved in complex
phenotypes. PolyPhen scores from both of these models vary from 0 to 1, where 0 represents a
variant with no functional effect. Functional effects are classified as “benign”, “possibly damag-
ing”, or “probably damaging”, depending on whether the posterior probability falls above or
below the appropriate false positive thresholds.

Sequencing of candidate genes in SLIC cohort

In order to further investigate the role of NFXLI variants in SLI, the coding regions of the
NFXL1 gene were subsequently sequenced in 117 unrelated British children affected by SLI.
These children formed part of the SLI Consortium (SLIC) collection, which has previously
been described in detail [7,37,39]. In short, the probands were collected from four sites across
the UK (The Newcomen Centre at Guy’s Hospital, London, the Cambridge Language and
Speech Project (CLASP) [75], the Child Life and Health Department at the University of Edin-
burgh [76] and the Manchester Language Study [77]). All probands were selected to have re-
ceptive and/or expressive language skills (as assessed by the Clinical Evaluation of Language
Fundamentals (CELF-IV-R) [78]) more than 1.5SD below the normative mean for his or her
age and non-verbal IQ (as measured by the Wechsler Intelligence Scale for Children [79]) in
the “normal” range (>80).

The concentration of genomic DNA samples from 117 independent SLIC probands was
quantified by picogreen and each sample normalized to 10ng/ul. Individual DNAs were pooled
prior to PCR amplification. Following PCR, the amplicons were fragmented, end-repaired and
adapter-ligated. The prepared and tagged libraries were then multiplexed before paired-end se-
quencing in a single lane of flow-cell on an Illumina HiSeq 2000 (Illumina Inc, SanDiego, CA,
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www.illumina.com). Sequences were aligned against human reference sequence (37d5) using
STAMPY [80] and variants called by the Syzygy (1.2.6) algorithm to create a VCF file. Syzygy
implements a Bayes likelihood calculation to allow a base calling strategy that is particularly
suited to the calling of variants in pooled samples, in which the frequency of reads containing a
rare variant will be lower than expected [81]. Identified sequence variants were annotated with-
in the SNPeff package allowing the identification of coding variants [82]. Individual DNAs
from all pools that contained a nonsynonymous coding variant with an expected frequency

of <5% were resequenced by Sanger sequencing using primers designed with the primer3 soft-
ware [66]. This allowed the verification of the variants, the derivation of true variant frequen-
cies across pools and the identification of the individuals who carried the variant.

The allele frequencies of coding variants discovered in SLIC probands were compared to
those observed in 4679 individuals of European ancestry across publically available control da-
tabases; the 1000 genomes project (the European (EUR) super-population from integrated
phase 1, accessed March 2014) [40] which includes 379 independent European individuals (89
British in England and Scotland, 93 Finnish in Finland, 14 Iberian populations in Spain, 98
Toscani in Italy and 85 Utah residents with Northern and Western European ancestry) and the
European American (EA) cohort from the exome variant server (ESP6500 SI-V2, accessed
March 2014) (http://evs.gs.washington.edu/EVS/) which includes data from 4300 independent
individuals of European American ancestry. The 1000 genomes samples are unselected con-
trols while the EVS samples are selected to include controls, extremes of specific traits (LDL
and blood pressure) and specific diseases (early onset myocardial infarction and early onset
stroke). Allele frequencies were compared between SLIC probands and controls using a two-
tailed Fisher’s exact test with 1 degree of freedom. Calculations were performed in the graph-
pad online calculator (http://www.graphpad.com/). Where given variants were observed in al-
ternative populations, these data are reported but were not included in the statistical analyses
since population admixture and stratification can lead to false positives, especially when inves-
tigating rare variants [83].

Supporting Information

S1 Fig. A flow diagram showing the filtering of the exome data. Blue boxes show each filter
step and red boxes describe exclusion criteria involved in each step
(PDF)

S2 Fig. Structure of pedigrees used for linkage analyses (redrawn using data from [35])).
Seven pedigrees of no more than 24-bits were used for linkage analyses. Individuals with lan-
guage impairment are colored in black. Individuals with typical language are denoted in white.
Individuals with unknown phenotype are shaded grey.

(PDF)

S3 Fig. Linkage disequilibrium between markers across NFXLI region. a—Linkage disequi-
librium between all genotyped markers (n = 929) across chr4:46-49Mb (hg19). b—Linkage dis-
equilibrium between all analyzed markers (n = 55) across chr4:46-49Mb (hgl9), after pruning
for r*>0.5. Position of NEXLI gene is shown by red box. Plots were generated in haploview
(http://www.broadinstitute.org/scientific-community/science/programs/medical-and-
population-genetics/haploview/haploview) using linkage pedigrees (as shown in S2 Fig.). Color
scheme is standard haploview colour scheme (blue—D’ = 1, LOD<2; white—D’<1, LOD<2;
pink/red—LOD2>2).

(PDF)
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$4 Fig. Linkage across the NFXLI region. No linkage was observed to the NFXL1 region of
chromosome 4 under parametric and non-parametric models using a dense SNP array. The ap-
proximate position of the NFXL1 gene is indicated by the red box on the X axis.

(PDF)

S1 Table. Exome sequencing metrics.
(PDF)

S2 Table. Regions of suggestive linkage in the Robinson Crusoe population (as presented
in [35]).
(PDF)

S3 Table. All variants found under the peaks of previous linkage (as reported in [35]) that
were shared across all 5 exome samples.
(PDF)

$4 Table. Genotype reconstruction simulations. The NFXL] variant has an expected popula-
tion frequency of between 0.033 (1000 genomes CLM) and 0.09 (1000 genomes PUR) and is
predicted to be present in both founder brothers (frequency in founder brothers of 0.5). Given
the population structure, it would therefore be expected to be present in the current population
at a frequency of between 0.08 (MAF = 0.03) and 0.14 (MAF = 0.10). Although the frequency
of the NFXL]I variant in the founder-related individuals of the Robinson Crusoe validation co-
hort was at this expected level (0.125), the variant allele was found to cosegregate with language
impairment; the frequency of the NFXLI variant in the founder-related individuals with SLI
was above expected (0.194) while that of founder-related individuals with typical language was
below expected (0.048), supporting a pathogenic role for this allele.

(PDF)

S§1 Text. Genotype reconstruction simulations.
(PDF)
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Dental Morphological Markers as a Proxy
for Ethnicity in Robinson Crusoe Islanders
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SUMMARY: Chilean Robinson Crusoe Island is a semi-isolated location with unusually high rates of both consanguinity and
language disorder. The current population of 633 inhabitants is descended almost exclusively from the colonization at the end of the 19th
century, as there were few preceding immigrations to the island. This study investigates the genetic composition and degree of miscegenation
within the island population, using dental morphological markers. The universe of island children was studied (n= 128, 3 to 15 years of
age) using clinical exams, dental cast, and identification of each individual within a previously-constructed extensive genealogy for the
island. The frequencies for Carabelli's cusp (61.7%), shovel-shaped incisor (9.4%), and sixth cusp (2.3%), along with the absence of
seventh cusp, are consistent with a primarily Caucasian population. The estimated degree of miscegenation suggests an Amerindian
component of 4.3%, which is consistent with the extensive known genealogies of the founders. Characterizing the genetic profile of
Robinson Crusoe Island, a location with a remarkably high prevalence of language disorder, facilitates the comparison of the genetic
variants underlying this pathology with those identified in European populations.

KEY WORDS: Dental morphological markers; Carabelli's cusp; Shovel-shaped incisor; Robinson Crusoe Island.

INTRODUCTION

Existing methods for studying human variation have Current Chilean populations originate from different
progressed enormously from the anthropological definitior@oups, and, therefore, identifying their genetic components
that gave origin to the concept of race. Various levels égene pool) is important in epidemiologic genetic research
observation have been carried out, including isonomyhen studying the hereditary factors underlying common
qualitative and quantitative anthropometric measures, afltgeases. Analysis of the size and shape of maxillofacial and
immunologic methods, including DNA analysis. Result§lental structures has contributed to the study of anthropology
from one type of analysis, however, are not always consist@ftd human evolution. Teeth have a considerable genetic
with results from another (Cavalli-Sforza & Bodmer, 1971¢0mponent, and, under normal conditions, dental structures
Rothhammer & Llop, 2004). are the organism's most stable, changing neither in shape

nor size with aging (Rothhammer & Llop).

Human populations live in varied conditions, some
isolated for thousands of years and others with variable rates ~ Dental morphological variation can be used to
of genetic mixture among groups. Studying the effects §haracterize and compare populations, as well as establish
population mixture on genetic variation allows for a detaileBheasures of biological distance similar to those established
evaluation of the role of the environment in diseases tha$ing serological or molecular markers (Palomgtaal,
have both genetic and environmental causes (Weiss, 1995377; Palomino, 1978; Rodriguez-Flérez, 2004; Bodini
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al., 2006; Aragoret al, 2008; Diazt al, 2014). The population's genetic structure
is semi-isolated, small, and of recent
Among dental phenotype is Carabelli's cusp, located on theorigin. The archipelago was discovered
mesiopalatine surface of the first superior molar. This is a high-frequencyn 1574 and colonized in 1750; however,
trait among populations of Caucasian origin (Bailit, 1975; Palomino; it was depopulated in 1850. The most
Villavicencio et al 1996; Rodriguez & Gavilanes, 2002; Rothhammer & recent colonization occurred at the end
Llop). of the 19th century, with 8 families led
by Swiss Baron Alfred von Rodt (Vicu-
Shovel-shaped incisor, a morphological variation on the palatine facéia Mackenna, 1883; Ruh, 1979). Of the
of the superior incisor with variable expression, is a trait of Asian origin. Itcurrent population of children, 77% have
appears with high frequency among Amerindian and Eskimo, as well ast least one of the colonizer's last names,
Japanese and Chinese, populations (Kratiak, 1969; Bailit; Palominet consistent with the high degree of
al.). consanguinity of the island’s population
(Villanuevaet al, 2014).
The sixth cusp is sometimes present in the inferior molars of Asian
and American Indigenous populations, and the seventh or intermedium cusp The present research group has
is characteristic of the inferior molars of African populations (Kt ; described a high prevalence of Specific
Rothhammer & Llop; Delgado-Burbano, 2007) Language Impairment (SLI; SLI, MIM
602081) in this population (Villanueva et
The present study was carried out in Chilean Robinson Crusoe Islandl., 2008), at a rate seven times higher
which is part of Juan Fernandez Archipelago, located 677 kilometers fronthan those of the continental Chilean
central continental Chile (Fig. 1). Robinson Crusoe is a unique island, witlpopulation (De Barbieri 1999) and five
633 inhabitants according to the national population census (INE, 2002). times higher than those of the global
population (Tombliret al., 1997). As this
language pathology has a genetic basis,
it may be associated with a founder effect,
that is, the genetic homogeneity that
develops in isolated locations with low
population variance (Cavalli-Sforza &
Bodmer; Villanueveet al., 2010, 2011).

Robinson Crusoe Island

The objective of this study is to
estimate the genetic component and
degree of miscegenation of the population
of Robinson Crusoe Island, using dental
morphological markers. The results will
allow for a more detailed analysis of the
genetic and environmental contribution
to the risk for the disease in this
population.

Juan Fermamdaz Archipelago

¢

Fig. 1. Robinson Crusoe Island, geographic
area studied (33.37" 56" S.; 78.49" 45”

rﬂ W). This Island belongs governmentally to the

rﬁr 5th region of Chile
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MATERIAL AND METHOD 05-02 projects funded by the University of Chile. The
Municipality of Juan Fernandez Archipelago signed a legal
contract with the University, permitting the realization of

The socioeconomic conditions of the islandhis project.

inhabitants are relatively homogenous in terms of education

level and quality of life. According to data from the national

population census, inhabitants are largely fishermen aRESULTS

belong to a middle- and lower-middle-class socioeconomic

level (INE).
The universe of preschool- and school-aged children

After signing informed consent, there were createdn Robinson Crusoe Island had an average age of 9.5 years
dental casts of the superior and inferior teeth of the universg.2 for males and 9t3.1 for females, with no significant
of island children aged 3 to 15 years (n= 128). Each chittifferences of age by sex (t= 0.07; p=0.94). Type of dentition
was identified within the extensive genealogy previousiwas mainly mixed (58.6%), with no differences by sex(x
created. 3.04; df =3; p= 0.52) (Table I).

It was recorded the following dental morphological Of the 128 children studied, 61.7% had Carabelli's
characteristics of the teeth: shovel-shaped superior incisogsp, and 9.4% had shovel-shaped incisor, with no
Carabelli's cusp on the superior molars, sixth and sevemdifferences by sex (x 1.98; df= 3; p= 0.79) (Table II).
cusps on the inferior molars. The evaluation criteria are
described in Krauset al Sixth cusp was found in 2.3% of subjects with erupted

inferior first molars, independent of the sex. The seventh

The estimation of genetic mixture was determinedusp was absent in all Island children.
based on frequency of shovel-shaped incisor and Carabelli's
cusp, using the Berstein method and assuming a population  Table Il shows the frequencies of shovel-shaped
of mixed Amerindian and Caucasian origin (Cavalli-Sforzancisor and Carabelli's cusp for the Island population in
& Bodmer). comparison with estimated frequencies for larger racial

groups and various continental Chilean populations. Shovel-

The data were compared using the Chi square methsltaped incisors were found at significantly lower frequency
and Student t-test. in comparison to the other populations £x69.17; p=

0.0001), and Carabelli's cusp is common among Islanders.

The study was approved by the Ethics Committee @arabelli's cusp is found at high frequency in mainly
the School of Medicine and undertaken as part of th@aucasian populations and low frequency in Asian and
UCHILE DID TNAC 01-02/01 and UCHILE DI MULT 05/ Indigenous populations. The frequency found for Island

children is significantly higher (= 201.5; p=
Table I. Distribution of the school- and preschool-aged population of Chile@ooo]_) than for children attending public school

Robinson Crusoe Island by sex and type of dentition in Santiago and southern Chile. Students
M?Ies 0Females TOOV’“ atprivate schools, especially in southern Chile,
o 1nl 1f2 20 1/; ] 21 1/(()5 ,  show values closer to those of the children of the
age . . . : :
island (Palomineet al).
1st Stage Mixed 18 28.1 23 35.9 41 32.0 ( )
2nd Stage Mixed 21 32.8 13 20.3 34 26.6 . ..
Permangnt 14 219 18 281 32 250 The ethnic composition of the populated
Total 64 100 64 100 128 100 Was calculated using the Bernstein method for

markers Carabelli's cusp and shovel-shaped

incisor. The degree of miscegenation estimated,

Table Il. Dental morphological markers in the preschool- and school-ag% ich represents the average of the two markers
population of Chilean Robinson Crusoe Island, by sex. P 9 !

indicates that the Amerindian component of the

Males Females Total population of Robinson Crusoe Island was
n % n % n % 4.34%. This value is compared with those
Carabelli's cusp 38 594 41 641 79 61.7 obtained for the continental Chilean population
Shovel-shaped incisor 8 125 4 63 12 94 and larger Caucasian and Amerindian racial
Sixth cusp 2 31 1 1.6 3 2.3 groups in Table IIl.
Seventh cusp 0 0.0 0 0.0 0 0.0
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Table 1ll. Frequency of dental morphological characteristics in the Chilean Robinson Crusoe
Island, in continental Chile, and in larger racial groups.

Carabelli's Shovd-shaped GENETIC

cusp incisor MIX
Populations % % %
Robinson Crusoe Island' 61.7 9.4 4.3
CaucasiaR 59.5 12.6
Amerindian® 7.2 88.6 -
Santiago public schod! 15.5 41.7 70.7
Santiago private schodl 24.7 195 37.8
Southern Chile public schodl 23.7 62.4 66.6
Southern Chile Private school 65.8 21.8 7.9

1= Data obtained in the present study.

2= Data published by Palomired al. Morfologia Dentaria en la Evaluacién de la Etnicidad Poblacional.
Odontologia Chilena 43, 91-94, 1995.

3= Data published by Rothhammer & Llop, Poblaciones chilenas. Cuatro décadas de investigaciones
bioantropolégicas. Editorial Universitaria, Santiago, pp. 115-128, 2004

DISCUSSION

It was described a high prevalence of Specific There are various methods for establishing the ethnic
Language Impairment in children on Robinson Crusogomposition of a population, each of which has been
Island, at rates well above those reported for populationsdemonstrated to be useful and to provide equivalent results.
Santiago de Chile or Europe (Villanuesaal, 2008). This
language disorder has been described as highly heritable, Dental markers have been widely used because of
complex, and multifactorial (Newburgt al.,, 2010; their stable morphology over the lifespan. Studies of intra-
Villanuevaet al, 2011). Therefore, identifying the geneticand interpopulation dental morphological variability in
components of this interesting population (gene pool) allovggoups with varying levels of indigenous American genetic
for a more detailed evaluation of the role of genetic amgbntribution have concluded that philogenetic comparisons
environmental contributions in this developmental disorddpased on dental morphology are a useful indicator of

biological distance (Palomirat al).

Current Chilean populations are descended from
different origins and, therefore, their population structure In the Robinson Crusoe Islanders, it was analyzed
and degree of genetic mixture cannot be assumed. It is knokgnr markers that are clearly different among racial groups.
that the country's population is descended primarily frofut results show that the frequency of indigenous genes in
the mix of Amerindian inhabitants and European settlers tHae population is low (4%) and that there is no presence of
colonized the country after its discovery and conquegfrican genes, which is consistent with historical and
(Rothhammer & Llop). Itis also known that the Amerindiardlemographic data regarding the origin of this population
populations were genetically homogeneous but that tif¢icufia Mackenna; Arana, 2010).
proportion of European or African genetic contribution varies

within the population (Salzano & Callegari-Jacques, 1988). Furthermore, studies of schoolchildren in Santiago
In Chile, the impact of African genes is quite lowand Southern Chile show that dental morphology is a good
(Rothhammer & Llop). phenotypic marker for estimating the degree of mixture

within the population, with results equivalent to those
Chilean Robinson Crusoe Island is highly endogamiobtained using serological markers in the same individuals.
with a recent and known origin, with little prior immigration.Populations of private and public school students in Santia-
The names of 77% of current children remain the same @8 evaluated from a socioeconomic and ethnic perspective
those of the founding families (Villanueeaal, 2008). The showed lower levels of Amerindian component than their
families that colonized the island originate from a rural zorublic school counterparts (Valenzuelsal, 1987). In the
in the center of Chile, descended primarily from Spanistiral zone of Southern Chile, especially in the Lake District,
settlers with a relatively low indigenous component. Few dfiere has been a recent immigration of individuals from
the settlers had other European backgrounds includifgermany resulting in relatively closed groups with respect
German, French, and Swiss. to the surrounding resident population, and especially
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exclusive of the numerous indigenous settlements. Currently, In the population of Robinson Crusoe, a marker has

the public schools in the zone are attended by both indigendae®n identified, along with five zones highly associated with

and non-indigenous students from the mixed Chileahe pathology on other chromosomes (Villanushal, 2010,

population, while the private schools of German origin ar2011). Among these, a zone in chromosome 7 coincides with

attended mainly by students from the colonizing Germahe location of genes identified as an area of susceptibility

families. Studies have shown a similar pattern for schofdr SLI, autism, and vocabulary and grammar disorders.

populations in Santiago (Rothhammer & Llop). Furthermore, it coincides with the location of the gene

FOXP2 recognized as an area of susceptibility for speech

The high frequency of Carabelli's cusp and lovand language disorders over a decade ago, and described as

frequency of shovel-shaped incisor described in the presariological modulator of the evolution and development of

work allows us to conclude that the population of Robinsdanguage in the human species (Konogkal, 2009).

Crusoe Island has remained semi-isolated, with scarce

genetic variability. The population has maintained the In conclusion, this study confirmed a scarce

characteristics of the founding families originating mainlyndigenous genetic contribution to the semi-isolated Chilean

from Europe. The absence of the seventh cusp rules out gopulation of Robinson Crusoe Island, according to dental

existence of African genes. morphological markers. This is the first step in describing

the genetic profile of this population, in which a high

Significantly, the frequency of shovel-shaped incisoprevalence of language disorder is reported. This

on the Island is similar to that described for Caucasians actthracterization paves the way for comparisons of the genetic

lower than that described for indigenous South Americarariants underlying the language pathologies described in

populations, while Carabelli's cusp is more common than European populations with findings for this Chilean island

urban continental Chilean populations. Populationgopulation.

influenced by racial mixing and less isolation generally show

higher frequencies of traits of Caucasoid origin and decreased

frequencies of Amerindian traits (Palomiabal; Aragbn ACKNOWLEDGEMENTS

et al).
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RESUMEN: La isla chilena Robinson Crusoe es un semiaislado geografico de alta consanguinidad. Su poblacion actual de 633 habitantes
proviene de la dltima colonizacion ocurrida a finales del siglo XIX y pocas migraciones posteriores, en quienes recientemente se ha descrito una alta
incidencia de trastorno de lenguaje. Este estudio estimé el componente genético y grado de miscegenacioén de la poblacion islefia usando marcado-
res morfolégicos dentarios. Se estudié al universo de nifios islefios (n= 128, 3 a 15 afios de edad) con examenes clinicos, modelos dentales y
ubicacion de cada individuo en genealogias extensas confeccionadas previamente. La frecuencia de Tubérculo de Carabelli fue 61,7%, Diente en
Pala 9,4%, tubérculo sexto 2,3% y ausencia del rasgo tubérculo séptimo, lo que concuerda con una poblacion eminentemente caucasica. El grado de
miscegenacion estima que el componente amerindio de esta poblacion es de 4,3%, que también se evidencia al analizar las genealogias extensas
originadas por los colonizadores. La descripcion del perfil genético de esta poblacion, donde se han reportado altas prevalencias de trastorno de
lenguaje, permitira comparar con las variantes genéticas subyacentes a esta patologia descritas para poblaciones europeas.

PALABRAS CLAVES: Marcadores morfolégicos dentarios; Tubérculo de Carabelli; Incisivo en forma de pala; Isla Robinson Crusoe.
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DISCUSION

DISCUSION

GENETICA MOLECULAR

La Isla Robinson Crusoe es un semiaislado geografico, colonizado a fines
del siglo XIX en base a 8 familias fundadoras. La estructura genética de la
poblacion actual es considerada muy joven y con muy poca variabilidad

poblacional.

En los nifos de esta poblacion se ha reportado una alta prevalencia de
TEL, probablemente consecuencia de un efecto fundador. La frecuencia de TEL
en los nifos originarios islefios es de 35%, cifra significativamente mayor a lo
observada en otras poblaciones tanto chilenas (4%) como extranjeras (entre 2% y
8%) y a la frecuencia en los nifios no islefios que habitan la isla temporalmente
(3,8%). La alta prevalencia de TEL en el Archipiélago, sugiere la existencia de un
efecto fundador para la susceptibilidad del TEL que podria ser consecuencia de la

deriva génica propia de poblaciones pequefias y aisladas (Villanueva et al. 2008).

Las caracteristicas previamente descritas para este aislado geografico,
hacen que esta poblacidon sea unica en el mundo y muy adecuada para investigar
la etiologia molecular del TEL y para la identificacion de genes que participen en el

desarrollo del lenguaje.
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Los resultados de este estudio se basan en la secuenciacidon exdmica
completa de cinco individuos, habitantes de la isla Robinson Crusoe, con

diagnostico de TEL.

Se identificd una variante de codigo no-sindnima / heterocigotica en el gen
NFXL1, que es compartida por tres de los cinco individuos secuenciados. El
analisis de asociacion realizado en la cohorte ampliada de Robinson Crusoe,
demuestra que esta variante se presenta con una frecuencia significativamente
aumentada en los sujetos islefios con trastorno de lenguaje en comparacion a los

que presentan desarrollo tipico de lenguaje (P = 0.0002).

Al realizar la secuenciacion del gen NFXL1 en la cohorte de 117 probandos
de TEL ingleses (Reino Unido), se identificaron cuatro individuos con variantes
heterocigéticas, tres individuos portadores de cambios no_sin6bnimos y un

individuo con una variante novel.

Basados en los resultados anteriores, se concluye que la variante en el gen
NFXL1 podria contribuir al riesgo genético de los trastornos de lenguaje. Se

propone que dichos cambios presentarian un modelo de herencia complejo.
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CONSANGUINIDAD

Pese a que otras poblaciones islefias chilenas, como la poblacién de la Isla
de Pascua, cuentan con acabados estudios de consanguinidad (Cruz-Coke, 1989),
la isla de Robinson Crusoe soélo cuenta con una referencia a su estructura

poblacional recopilada a principios de los afios 60 (Orellana et al, 1975).

Es por lo anterior que se realizé un analisis de la estructura poblacional, en
base al estudio del nivel de consanguinidad y tipos de “matrimonios/uniones con

descendencia” mas frecuente.

Todos los matrimonios registrados en la isla de Robinson Crusoe, desde la
ultima colonizacion hasta el afio 2000 (417 matrimonios en total) fueron incluidos

en genealogias extendidas de las familias fundadoras y analizados.

Los resultados demuestran un alto grado de consanguinidad, sustentado
por los matrimonios entre primos primeros, asi como por los matrimonios entre
primos segundos, siendo estos los tipos de matrimonios de mayor frecuencia en
esta poblacion. La tasa consanguinidad fue determinada en 14.9% y el promedio
de coeficiente de endogamia en a = 54.05 x 10 4. Comparado con otra
poblaciones chilenas (Pinto-Cisternas, 2004), este valor es superior al descrito
para poblacién Atacamenia [a. = 34,4 x 10 # (Chapin y cols,1976)], para poblacion

Mapuche [o. = 1,0 x10 # (Rothhammer y cols,1971)] y para poblacién Aymara [o =
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0.011x 10 “ (Cruz Coke,1966)]. Ademas, es menor al coeficiente de endogamia
reportado en las poblaciones rurales de Caleu (oo = 60,4 x10 ) por Blanco y

Covarrubias (1971) y de Olmué (a = 65,4 x10 ), por Quezada y Barrantes (1973).

Las caracteristicas unicas de la isla - poblacion actual pequefia, originada
de pocas familias, aislada geograficamente y con poca deriva génica - podrian

explicar la consanguinidad aumentada.

El desarrollo de este trabajo permitid, por primera vez, que los habitantes
de la isla cuenten con informacion detallada de la estructura poblacional e
informacion cualitativa del grado de parentesco que presentan. Por lo anterior, las
autoridades de la isla han mostrado gran interés en el desarrollo de esta
investigacion, brindando el apoyo logistico necesario para el cumplimiento de los

objetivos.

Concluir un alto nivel de endogamia en una poblacion pequefia y aislada
como es la de la isla Robinson Crusoe es muy interesante, debido a las
importantes repercusiones médico-genéticas para los descendientes de
matrimonios consanguineos, considerando que en la poblacion de Robinson

Crusoe hemos descrito alta prevalencia de trastorno de lenguaje.
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MISCEGENACION

La poblacion chilena actual presenta diferentes origenes, por lo que su
estructura y grado de mezcla no es estable. Se sabe que la poblacion actual
desciende principalmente de una mezcla entre habitantes originarios de America y
colonizadores europeos, que poblaron el territorio continental después del
descubrimiento y durante la conquista (Rothhammer & Llop 2004). Se sabe
también que las proporciones de contribucion genética de las poblaciones
europeas y africanas varian entre los distintos grupos sudamericanos (Salzano &
Callegari-Jacques 1988). En Chile, el impacto de genes africanos es muy bajo

(Rothhammer & Llop 2004).

Para determinar el grado de miscegenacion de la poblacion se utilizaron
marcadores morfolégicos dentarios. En base a analisis de modelos dentarios se
determiné la frecuencia de marcadores morfolégicos dentarios en el universo de la
poblacion islefia (Kraus et al. 1969). La frecuencia del marcador dentario Diente en
Pala fue de 9,4%, mientras que la frecuencia de Tubérculo de Carabelli fue de
61,7%. Las frecuencias de ambos marcadores dentarios concuerdan con una
poblacion eminentemente caucasica. El grado de miscegenacion estimado por el
método de Bernstein, indica que el componente amerindio de la poblacion es
menor de un 5%, lo que también se evidencia al analizar las genealogias extensas
que a través de 5 generaciones se llega al grupo colonizador que en la mayoria de
los casos corresponde a sujetos de procedencia europea o de la zona rural de

Chile. Este estudio permitira aplicar normas y/o realizar comparaciones con
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grupos caucasicos, considerando que se trata de una poblacion donde se ha
descrito una alta prevalencia de trastorno de lenguaje, facilitando asi la
comparacion de variantes genéticas subyacentes a esta patologia y que han sido

identificadas en poblaciones europeas.
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