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RESUMEN

La enfermedad de Charcot-Marie-Tooth (CMT) es la neuropatia
hereditaria mds comidn del sisterna nervioso periférico. E1 CMT tipo 1A
(CMT1A) es la forma mds prevalente de CMT y se hereda de una manera
autosémica dominante, ligada al cromosoma 17. Esta enfermedad se
caracteriza clinicamente por una atrofia de los musculos distales y una
disminucién en la velocidad de conduccién nerviosa.

Mediante estudios de ligamiento genético se determiné que el locus para
la enfermedad de CMTI1A se localiza en la regién pl1.2-p12 del cromosoma
humano niimero 17. En el presente trabajo se describe el aislamiento de un
marcador genético muy polimédrfico designado con el nombre de pRM11-GT,
el cual se localiza en la regidn cromosémica 17pl11.2-pl2. Este marcador
detecta un nuevo tipo de polimorfismo que se presenta a nivel de secuencias
repetidas en tandem del dinucleétido guanina y timina. Con este marcador
pRML11-GT se analizaron 194 individuos que conforman siete arboles
genealdgicos (seis de origen Acadio-Francés y uno de origen judio) y se
encontrd que, Unicamente en aquellos individuos afectados con CMT1A, habia
un alelo extra para este marcador. Esto significa que los pacientes con CMT1A
tenen una duplicacién de DNA que involucra el locus D178122 al cual
pertenece el marcador RM11-GT. Esta duplicacion se coafirmé con el andlisis
de los polimorfismos en la longitud de fragmentos de restriccién (RFLP) que
se obtuvieron con otros dos marcadores de este mismo locus: YAW409R1 y
VAW4(9K3. Nuevamente, solo en los individuos afectados se pudo detectar la
presencia de un alelo extra para estos marcadores. Ademds con el uso de
RFLP se determind que la duplicacion también involucra otros dos locus:
VAW412 y EW40]; esto implicé que ¢l tamaiio de la duplicacion debe ser al
menos de 100 kb. Por otro lado, se demostré que un paciente severamente
afectado con CMTIA, hijo de un matrimonio entre dos personas afectadas, era
homocigoto para la duplicacién de DNA. Esto representa una evidencia
indirecta de una correlacion entre el genotipo y el fenotipo. Este hallazgo de la
asociacion de la enfermedad de CMTI1A con una duplicacién de DNA, ha
permitido por primera vez el diagndstico molecular de la enfermedad de
CMTIA, y representa un paso muy importante para [a identificacién del gen
(o de los genes) responsable de esta enfermedad.



INTRODUCCION

Existen descritas mas de 4000 enfermedades genéticas en ¢! humano,
para la mayoria de las cuales adin se desconocen sus bases moleculares (1). La
tecnologia del DNA recombinante ha permitido dilucidar las bases moleculares
de algunas de estas enfermedades, al identificar los genes responsables y sus
correspondientes mutaciones que conducen a la aparicién del fepotipo de la
enfermedad. Esto se ha logrado principalmente para aquellas enfermedades
genéticas en donde previamente se conocia que tipo de proteina estaba alterada
en la enfermedad, de tal manera que la identificacion de sus respectivos genes
se facilité al usar estrategias de clonacién basadas en la secuencia total o
parcial de la proteina, en su funcién y/o en el uso de anticuerpos contra la
misma. Tal es el casc por ejemplo de las precisas descripciones moleculares de
sindromes de Talasemias (2) e Hipercolesterolemia familiar (3).

Sin embargo, para la mayoria de las enfermedades genéticas humanas,
incluyendo la enfermedad de CMT1A, se desconocen sus bases bioquimicas y
por ende las proteinas posiblemente involucradas en esta enfermedad. En este
tipo de casos se identifica el locus del gen responsable de la enfermedad,
através de estudios de ligamiento genético, Este tipo de estudios se designan
con ¢l nombre de “clonacién por su posicién”, e involucra estrategias para el
aislamiento del gen, ain y cuando no se conozca fi su producto proteico ¢/y su
funcidn. La légica de este enfaque es el de establecer la posicidn del locus de
la enfermedad con un marcador genético que previamente se haya
determinado que estd ligado a la enfermedad; la regidn cromosdmica donde se
localiza este marcador corresponde al locus de la enfermedad y en esta drea se
debe encontrar un gen con alguna mutacidon que se correlacione con la
enfermedad. De esta manera se logrd 1a identificacidn del gen responsable de
la Fibrosis Quistica (4,5,6), y establecer al menos la localizacién cromosémica
de diversas enfermedades genéticas como por ejemplo la Corea de Huntington
(7) y la enfermedad del Rifién Poliquistico Crénica (8). Algunas veces se
pueden encontrar pacientes en donde la enfermedad esta asociada con alguna
anormalidad cromosdmica; por ejemplo una translocacion o delecion. Esto
facilita la localizacidn del gen ya que la bisqueda del mismo se restringe en
aquella regién donde se encuentra la anormalidad cromosdmica. Asi se logrd
la identificacién de los genes responsables de algunas enfermedades genéticas
como son [a Distrofia muscular tipo Duchenne (9,10), el Retinoblastoma (11),
la Granulomatosis Crouica (12) y Ja Neurofibromatosis (13,14).

El presente trabajo se enfocd a la identificacion del gen responsable de
una mas de las tantas enfermedades genéticas humanas: la enfermedad de
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CMTI1A.

I.  Aspectos Histéricos de la Enfermedad de Charcot-Marie-
Tooth,

En 1886, Charcot y Marie en Francia (15) y Tooth en Inglaterra (16),
describieron una enfermedad en la cual los individuos presentaban una
debilidad rmuscular como consecuencia de un desorden neurolégico, Ademds,
observaron que esta enfermedad se presentaba en varios miembros de la
misma familia con lo cual determinaron posteriormente que se trataba de una
enfermedad hereditaria. Originalmente esta enfermedad recibié el nombre de
atrofia muscular peroneal, sin embargo actualmente ésta se designa con el
nombre de sus descubridores: enfermedad de Charcot-Marie-Tooth (CMT).
Apartir de estas primeras descripciones del CMT han aparecido en la
literatura diversos reportes sobre enfermedades con un fenotipo similar al
descrito originalmente por Charcot, Marie y Tooth. Actualmente, el CMT
comprende un grupo heterogéneo de varias enfermedades que tienen €n comiin
un desorden degenerativo y herediatrio de los nervios periféricos. Por esta
razén es mis apropiada la designacién de Sindrame de Charcot-Marie-Tooth.

De acuerdo con estudios electrofisiolégicos realizados por Henriksen
(17), y Gilliat y Thomas (18), el CMT descrito por Charcot, Marie y Tooth,
se dividié en dos grupos: CMT1, el cual comprende pacientes con una severa
disminucidn en la velacidad de conduccidn nerviosa (VCN), y CMT2 el cual
incluye pacientes con una VCN normal, Estos grupos se subdividieron, por
Dyck and Lambert (19,20), en base a sus caracteristicas electrofisiolégicas,
biopsias de nervio y al patrén de herencia. El CMT1 se dividié en dos grupos,
ambos con una neuropatia hipertréfica, pero uno con un patrén de herencia
dominante y el otro con un patrén de herencia recesivo. E1 CMT2, con VCN
normales y sin hipertrofia de los nervios, también llamado el tipo neuronal, se
dividié en cinco grupos con un diferente patrén de herencia. Posteriormente,
Brust y cols. (21), y Davis y cols. (22), basdndose en los mismos aspectos,
describieron un tipo intermedio de CMT, con VCN similares al CMT1, pero
sin hipertrofia de los nervios.

La clasificaciéon de esta enfermedad ha sido confusa debido a los
diversos criterios utilizados por los diferentes investigadores (23). Sin
embargo la clasificacién més utilizada para designar el CMT es la propuesta
por Dyck y cols. (24), como neuropatias herediatrias motoras y sensitivas
(HMSN): HMSN tipo I o CMTI es una neuropatia hipertréfica que presenta
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una desmielinizacién de las nervios periféricos con una reduccidén muy severa
en la conduccién nerviosa, y HMSN tipo [I 0 CMT?2 es la forrna neuronal en la
cual ocurre una degeneracién a nivel de los axones, pero la velocidad de
conduccidn nerviosa es priacticamente normal.

II, Caracteristicas Clinicas del CMT1 (25).

La enfermedad comienza a manifestarse por una atrofia y debilidad de
los misculos peroneales, y progresa hasta afectar los misculos distales de las
piernas y los brazos. Estos mdsculos distales pierden progresivamente fuerza y
masa, de tal manera que en algunos pacientes la atrofia de las piernas da el
aspecto de piernas de ciguefia. Otras caracteristicas incluyen una pérdida en los
reflejos tendinosos, un arco muy pronunciado em los pies (pie cava) €
hipertrofia de los nervios periféricos a manera de bulbo de cebolla. Las
deformidades en los pies y las manos puede ser tan severa que se requiere de
una intervencidn quinirgica para corregirlas. La aparicién de los sintomas del
CMT ocurre principalmente al final de la primera década o inicios de la
segunda década de vida. La penetrancia del fenotipo en la primera década
puede ser baja pero incrementa con la edad. La posibilidad de que un paciente
muestre los primeros sintomas después de la tercera década se disminuye
marcadamente con ¢l incremento de la edad,

1V. Electrofisiologia del CMT1 (25).

La expresién del fenotipo de la enfermedad de CMT1 es muy variable
de acuerda a los criterios clinicos convencionales. Sin embargo, todos los
pacientes con CMT1 tienen una disminucién muy severa en la velocidad de
conduccién del mervio motor (VCN), de tal manera que la VCN es la
caracteristica mas confiable y universalmente utilizada para definir el CMT].
Inclusive los pacientes asintomaiticos tambi€n tienen un grado similar en la
disminucidén de la VCN, Los pacientes con CMT2 pueden manifestar una
disminucidn leve en la VCN, pero no tan severa como en el CMT1.

En un estudio efectuado por Dyck y Lambert (19,20), el promedio en la
VCN fué menor de 25 m/seg, y solo en algunos pacientes alcanzé 42 m/seg.
Davis y cols. (22) analizaron la YCN de 116 individuos afectados con la forma
autosdmica dominante de CMT, y en base a estas estudios la dividieron en dos
grupos. En un grupo incluyeron aquellos pacientes con YCN menores de 25
nyseg, los cuales correspondian claramente al tipo CMT1. En el otro grupo
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incluyeron pacientes con VCN entre 25 y 45 m/seg el cual inclufa pacientes
con CMT2.

La VCN es normal al nacimiento en los pacientes con CMT1 (25,26).
No existe una correlacién entre el grado de dismioucién de la VCN vy el
defecto neurolégico. Muchos nifios y algunos adultos afectados con CMT, ain
y cuando tienen una severa disminucidén en la VCN no presentan signos de la
enfermedad, o sea que son asintométicos. Durante el proceso de la enfermedad
no se manifiestan cambios en la VCN. Sin embargo, la severidad en la
disminucién de la VCN puede reflejar la severidad en el proceso de la
enfermedad, de manera que los pacientes con los niveles mas bajos en la VCN
pueden desarrollar los defectos neurolégicos més severos. Dyck et al (28)
encontraron que aquellos pacientes que mostraron a edad temprana una severa
disminucién en la VCN presentaron un fenotipo muy severo.

I1V. Genética de la Enfermedad de Charcot-Marie-Tooth (25).

A. Herencia Mendeliana. La mayor parte de las familias con CMT
presentan la forma autosémica dominante, sin embargo existen familias en las
cuales la enfermedad se hereda ligada al X y algunas veces en forma recesiva
(1). En la forma dominante ligada al X, la enfermedad es mds severa en los
varones que en las mujeres, y €n estas dltimas el fenotipo clinico es muy
heterogéneo aun y cuando forman parte del mismo drbol genealégico (29);
esta variabilidad se debe posiblemente a la variacién somética en la
inactivacién del cromosoma X. Por otro lado, existe descrito en la literatura
un individuo afectado con la forma autosémica dominante quien presenté un
fenotipo muy severo y que se le manifesté en el primer aio de vida; puesto
que ambos padres también estaban afectados con CMT se postulé que dicho
paciente era homocigoto para el alelo domsnante de CMT (30). Varios estudios
apoyan el hecho de que la forma autosémica dominante es la mis frecuente,
mientras que la ligada al X es la mdis rara. En un estudio realizado por Lupski
y cols. (25) se determind que de 72 diferentes familias afectadas con CMT, 68
mostraron el pawén de herencia autosémico dominante.

B. Penetrancia del fenotipo de CMT. El CMT es una enfermedad en
donde el fenotipo progresa lentamente com la edad, y por lo tanto la
penetrancia del mismo es un fendmeno que depende del tiempo. En un estudio
realizado por Bird and Kraft (31), se analizé la penetrancia del fenotipo en
109 individuos que conformaban 15 familias heredando el CMT en una forma
autosomica dominante, El resultado fué que la penetrancia del gen(es) del
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CMT es de un 28% en la primer década, y casi completa en la mitad de la
tercera década, La edad promedio en la cual se manifestd el fenotipo fué a los
12.2 atios de edad con una desviacion estandard de 7.3 afios. Ademds en este
estudio se concluyé que los individuos con riesgo (hermanos de pacientes con
CMT) sin manifestaciones clinicas y mayores de 27 afos de edad, tienen una
probabilidad menor del 3% de que hayan heredado el gen del CMT. En
resumen, la penetrancia del genotipo de! CMT, en cuanto a su manifestacion
clinica, independientemente de 1a edad, es casi completa (no es del 100%); y de
acuerdo con los estudios electrofisiolégicos, la disminucién en la VCN es una
caracteristica con una penetrancia completa (25).

C. Variabilidad en la expresion del fenotipo clinico del CMT1, El
fenotipo clinico del CMT1 muestra una variabilidad muy notable, ya que se
observa una heterogeneidad tanto interfamiliar como intrafamiliar. Esta
hetetogeneidad intrafamiliar se demostré en un estudio realizado sobre 299
individuos de un arbol genealdgico Acadio-Francés afectado con la forma de
CMT1 autosémica dominante. En este estudio se le determiné a los individuos
la VCN para diagnosticar correctamente la enfermedad de CMT1. De los
pacieates diagnosticados con CMT], mientras que algunos tenian un pie cavo
muy severo y con gran dificultad para caminar, otros practicamente carecian
de los rasgos clinicos de la enfermedad (32). Puesto que los individuos
afectados deberfan portar la misma alteracién genética, se concluye que existe
una heterogeneidad intrafamiliar en la enfermedad de CMT'1.

Otra linea de evidencia sobre la heterogeneidad del CMT1 fué obtenida
por Garcia y cols. (33), con el estudio de gemelos idénticos afectados con
CMT1. Como se sabe, los gemelos idénticos son muy importantes en los
estudios de heterogeneidad, ya que son individuos que poseen ¢l misme
componente genético, y por ende se evita la confusién que se origina por otros
genes que pudiesen alterar la expresion del fenotipo de la mutacién en
cuestién. De acuerdo con esto si los gemelos idénticos afectados con CMT1
tienen un fenotipo diferente apoyan el fenémeno de la heterogeneidad. Como
resultado se encontrd que en un caso de gemelos idénticos, hubo discordancia
en cuanto a los calambres, a la debilidad de los misculos intrinsecos de las
manos, debilidad de los pies, y en la hipertrofia de los nervios peroneal,
cubital, y auricular mayor. Otro caso de gemelos idénticos afectados con
CMT1, fué también discordante en los calambres, debilidad de las manos, e
hipertrofia de los nervios. Uno de estos dos gemelos tenia unos pies tan débiles
que a la edad de 14 afios requiri6 el uso de muletas. Lo interesante fué que la
VCN se manmvo al mismo nivel de afeccién para cada uno de los cuatro
gemelos analizados (18-20 m/seg). Esto es congruente con una penetrancia
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completa del fenotipo de VCN y sugiere que su expresién es menos variable.
Estos estudios en gemelos idénticos indican que los factores ambientales juegan
un papel importante en la severidad de la expresién clinica del CMT1. Otra
evidencia de la influencia del medio ambiente es la diferencia en la
susceptibilidad de los pacientes con CMT a los efectos neurotdxicos colaterales
de 1la terapia con vincristina (34-37).

V. Genética Molecular del CMT (25).

A. Estudios de ligamiento genético. Como se menciond anteriormente
los estudios de ligamiento genético han sido muy importantes en la localizacién
de los genes responsables de diversas enfermedades genéticas (13,14). El
propésito de un estudio de ligamiento es el de determinar si existe una
correlacion positiva entre la herencia de una regién cromosdmica especifica
(representada por un marcador genético) y la herencia del fenotipo de una
enfermedad (Figure 1). Si el locus de la enfermedad y un marcador genético
en particular se localizan en diferentes cromosomas, ambos se segregarin
independientemente, es decir al azar, y no mostraran una correlacion en su
patron de herencia. Similarmente, si los dos estin en lugares opuestos en un
mismo cromosoma es muy alta 1a probabilidad de que el proceso natural de la
recombinacion los separe, uno en cada cromosoma homologo. De esta manera
al estar en diferentes cromosomas se segregardn independientemente y
nuevamente no existird ninguna correlacién entre ellos. Sin embargo si se
encuentran muy cerca uno del otro en la misma regién cromosdmica, s decir
si estan “ligados”, serd muy baja la probabilidad de que la recombinacién los
separe, y por ende tanto la enfermedad como el marcador genético se
heredaran en conjunto (cosegregardn) (Figura 1). Por lo tanto el nimero de
recombinaciones entre la enfermedad y el marcador genético através de un
arbol genealdgico determinara la distancia que existe entre ellos (en promedio,
en el genoma humano, 1% de recombinacién corresponde a un millén de pares
de bases de DNA). Si la enfermedad y el marcador se encuentran ligados, €l
gen responsable de la enfermedad se identifica y aisla de aquella regidn
cromosomica donde se localice el marcador genético. Estos estudios de
ligamiento son mas precisos si se utilizan diferentes marcadores genéticos y se
realiza un anilisis de ligamiento miltiple. De esta manera se determina la
posicién del locus de la enfermedad con respecto a los diferentes marcadores.
Posteriormente de la regién cromosémica comprendida entre los marcadores
genéticos que flanquean el locus de la enfermedad se aislan genes, y se
caracterizan para encontrar alguna mutacién que se correlacione con la
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Figura 1. Ligamiento genético entre una enfermedad y un marcador genético,

Ejemplo hipotético de un drbol genealdgico segregando una enfermedad autosdmica
dominante. Los simbolos en negro indican los individuos afectados con la enfermedad y el
par de leuas debajo de cada uno de los stmbolos indican los alelos (el genotipo) presentes en
cada uao de eligs, gbteaidos por RELP, utilizando ur marcador genétice que se ha postulado
que cstd ligado al locus de la enfermedad. L.os nGmeros romanos indican las generaciones
familiares.

Si analizamos e] genotipo de los descendientes afectados en la generacién Il podemos
deducir que heredaron la enfermedad en combinacién ¢on el alelo A del padee. Uno de estos
descendientes nuevamente transmitid a dos de sus hijos 1a enfermedad ligada a su alelo A; y
as( sucesivamente,

Este arbol geneal6gico ejemplifica el resultado esperado en caso de que un rarcador
genético esté ligado a la enfermedad. En este caso el marcador genético estd ligado a la
enfermedad puesto que su locus (identificado por el alelo A) siempre se heredd
conjuntamente con la enfermedad, es decir que no se separaron por recombinacidm. Esto
indicarfa que el locus de la enfermedad y el del marcador estan fisicamente muy cercanos en
el crumosoma (estdn ligados).



enfermedad.

Para llevar a cabe un estudio de ligauiento genético y concluir que un
marcador genético estd ligado a una enfermedad se requiere del andlisis de
arboles genealdgicos de varias generaciones familiares en los cuales se herede
la enfermedad en cuestién. Ademds, puesto que cada individuo posee dos
cromosomas homoélogos, €5 decir dos copias para un marcador genético
determinado (dos alelos), es necesario diferenciar sus alelos para determinar
cual de ellos se hereda a los individuos normales y cual sc segrega con la
enfermedad. Esto implica que se deben utilizar marcadores genéticos
polimdrficos, es decir marcadores que detecten dos o més diferentes alelos en
la poblacién para un mismo locus. Entre més polimérfico sea un marcador,
mas fécil serd distinguir cual de los dos alelos se hereda con el fenotipo de la
enfermedad.

El advenimiento de la tecnologia del DNA recombinante hizo posible la
identificacién de cambios en la secuencia nucleotidica (polimorfismos) que se
presentan normalmente en el DNA. Estos polimorfismos se detectan mediante
el uso de enzimas de restriccion, las cuales realizan cortes endonucleotidicos
en el DNA a nivel de secuencias muy especificas (sitios de restriccion) y
producen fragmentos de un tamaiio determinado. Los citados cambios en la
secuencia de DNA pueden originar la formacion ¢ alteracién de sitios de
restriccion, de manera que al cortar el DNA con una enzima de restriccidn
determinada se generaran fragmentos de DNA de diferente tamatio al original.
La insercion o pérdida de varios nucledtidos, sin que se modifique el sitio de
restriccién, también variari el tamaio de los fragmentos resultantes. Estas
diferencias en el tamado de los fragmentos de DNA, que se generan con la
digestion de enzimas de restriccidn, pravenientes de un mismo lacus de los dos
cromosomas homodlogos se denominan RFLP (Polimorfismos en la longitud de
fragmentos de restriccién) (38). Este tipo de polimorfismo, RFLP, es ¢l que
principalmente se utiliza en los estudios de ligamiento genético para
diferenciar los alelos de un mismo individuo y éstos se identifican utilizando la
técnica de Southern (39). En este procedimiento se corta el DNA genémico
con una enzima de restriccion, se separan los fragmentos resultantes en un gel
de agarosa, se¢ transfieren a una membrana de nylon, y el DNA en la
membrana se hibrida contra una sonda especifica del marcador en cuestion. El
patron de alelos que se obtienen para cada individuo de un arbol genealdgico
se correlaciona con la presencia de la enfermedad para determinar si existe
una cosegregacion (ligamiento) entre el marcador y la enfermedad. Este grado
de correlacién o de ligamiento genético se calcula estadisticamente y se
expresa como Z (“lod score™). Por convencién, se considera que existe un
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ligamiento significativo entre el marcador y la enfermedad, cuando la Z a
cualquier fraccién de recombinacién es mayor de 3 (40,41).

B. Estudios de ligamiento genético en el CMT1. Con los estudios de
ligamiento genético en las familias afectadas con el tipo de CMT autosémico
dominante (CMT1) se ha determinado que existe una heterogenidad genética.
En 1980, Bird y cols. analizaron dos familias con CMT1 y encontraron que
existia un ligamiento entre ellas y el locus Duffy que se localiza en la region
cromosémica ql2-q21 del cromosoma 1 (42,43). Guiloff y cols. confirmaron
este mismo ligamiento (44), y posteriormente Stebbins y Conneally (45)
también llegaron a la misma conclusién, pero utilizando un arbol genealégico
de ascendencia Indi. Ademas el gen Fc gammaRIl, que también se localiza en
lIa misma regién que el locus Duffy, se encontré ligado al CMT1 (46). Sin
embargo, la heterogenidad genética se estableci6 al determinar que la mayor
parte de las familias con CMT1 no estan ligadas al locus Duffy (47,48,49,50).
De acuerdo a lo descrito por Bird y cols. (48), el tipo de CMT1 ligado al locus
Duffy se denomina CMT1B, mientras que el tipo de CMT1 que no esté ligado
a cste locus se denominé CMTI1A. Este tltimo es la forma autosémica
dominante mas frecuente de CMT]1 y esté ligada al cromosoma 17.

Vance y cols. (51) fueron los primeros en demostrar que la enfermedad
de CMTI1A esta ligada a dos marcadores genéticos localizados en la regién
proximal del brazo corto del cromosoma 17 (17p): D17S58 (EW301) y
D17S71 (pA10-41). Posteriormente, en forma independiente varios grupos
confirmaron que estos marcadores estan efectivamente ligados a la enfermedad
del CMT1A (32,52,53,54,55,56). Sin embargo, atin y cuando la Z es de 3 para
estos marcadores, el grado de ligamiento no e€s muy grande y ocurren
recombinaciones entre estos marcadores y la enfermedad de CMT1A. Debido
a esto, se ha seguido con el aislamiento de nuevos marcadores genéticos de esta
region del cromosoma 17 y se les ha evaluado su grado de ligamiento. En los
trabajos realizados por Patel y cols. (32,55) se aislaron de la regién
cromosémica 17p11.2 los marcadores genéticos D17S258 (1516), D17S445
(S6.1-HB2) y D17529 (YNM67-R5), los cuales se demostré que también estan
ligados al CMT1A con upa Z de 3.

C. Resumen de la biasqueda del locus de la enfermedad de CMTI1A.
De acuerdo con los resultados de ligamiento genético efectuados por los
diferentes grupos se concluye lo siguiente: ain no se ha identificado un
marcador genético estrechamente ligado al locus del CMT1A. En nuestro
laboratorio llevamos a cabo un estudio con el propésito de determinar con
mayor precision la localizacién de todos los marcadores que habian mostrado
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ligamiento al CMT1A. Para esto se utilizaron hibridos de células somaticas
que retenfan el cromosoma 17 completo o con deleciones y se determind que
los marcadores genéticos que muestran ligamiento con el locus de la
enfermedad de CMTI1A, se localizan en la regién cromosémica 17pl1.2-p12
(57,58). Tomando esto en cuenta se concluye lo siguiente: ¢l locus de la
enfermedad del CMT1 A se localiza dentro de la regién cromosémica 17pl1.2-
pl2. Cabe sefialar que esta regién comprende aproximadamente 10 millones de
pb.

VI. Planteamiento del proyecto.

A. Limitacion de los estudios de ligamiento utilizando RFLP. Para
localizar el gen de una enfermedad mediante un estudio de ligamiento
genético, se trata de responder la misma pregunta para diferentes regiones
cromosdmicas: jexiste una correlacién pasitiva entre la herencia de una regién
cromosomica especifica y la enfermedad?. Si es asi, el gen se localiza en
aquella regidn cromosémica ligada a la enfermedad. Sin embargo, para
determinar que el ligamiento resultante no es casual, es necesario analizar
varios arboles genealdgicos, Ademas cabe recordar que es necesario distinguir
cual de las dos copias de dicha regién cromosémica del progenitor son
heredadas a sus descendientes. Por lo tanto, el marcador genético de una
regidn cromosdémica determinada debe ser polimérfico. Hasta la fecha, el
polimorfismo de los marcadores utilizados para localizar el locus del CMT1A
se han basado en RFLP. Puesto que con este tipo de polimorfismo se detectan
generalmente sélo dos alelos diferentes en la poblacion, la informacion que
proporcionan es limitada. Esta limitacidn se ejemplifica en la Figura 2 en
donde se representan familias que segregan una enfermedad autosémica
dominante como lo es el CMT1A, con genotipos que cominmente se observan
en los estudios de ligamiento al utilizar RFLP. Si al progenitor afectado no se
le distinguen los dos alelos (Figura 2A) o si ambos padres presentan ¢l mismo
genotipo (Figura 2B), no serd posible determinar cual de los dos alelos se
segrega con la enfermedad y por ende si ha ocurrido algin evento de
recombinacién. Cabe recordar que los eventos de recombinacién son los que
determinan la distancia entre el marcador y el locus de la enfermedad. Por el
contrario, en una situacién hipotética en la cual se utilice un marcador muy
polimérfico, de manera que todos los alelos de los padres sean diferentes, se
podrd determinar con exactitud cual alelo se segrega con la enfermedad
{Figura 2: C y D) y por ende detectar eventos de recombinacidn (Figura 2D).
Por lo tanto la falta de un mayor polimorfismo de los marcadores al utilizar
RFLPs, aunado con el hecho de que no siempre se cuenta con drboles
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Figura 2. Falta de informacidn de los RFLPs en los estudios de Ligamiento Genético,
Esta figura representa el caso de una e¢nfermedad autosémica dominante, como lo es la
enfermedad de CMTIL A, Las letras correspouden a genotipos hipotéticos para un marcador
gendtico, y los simbolos en negro indican los individuos afectados con 1a enfermedad.

En el ejemplo 1, en ¢l descendiente afectado con genatipo BB no es posible determinac
si ¢l alelo mutante (¢l cromosoma con la mutacién) se heredé del padre o de la madre y por lo
tanto no sc pucde obtener una informacidn real de ligamiento.

En el ejemplo I, ocurre lo mismo con el descendiente afectado con genotipy AA, sin
e¢mbargo podemos deducir que la enfermedad se segrega con el alelo A de la madre. En el
descendiente afectado AB tampoco es posible determinar cual aleio estd recibiendo de cada
padre puesto que ticuen los mismos genotipos. En cuantc al descendiente no afectado AB,
podifa ser el resultado de una recombinacién, en doude el alelo A Lo estd heredando del padre,
pero debido a que la madre también posee un alelo A, no es posible identificarlo como un
evento de recombinacién.

Los ejemplos III y IV conesponden respectivamente a los mismos ejemplos I y Il con la
diferencia de que en estos casos €l marcador hipotético ¢s m4s informativo (polimdérfico). Si
analizamos los genotipos de 1os descendientes en el ejemplo I, podemos deducir que la
enfermaedad se estd segregando con ¢l alelo A del padie. En el gjemplo IV y de acuerdo ¢con
los genotipos de los dos descendientes afectados, 1a enfermedad se segrega con el alelo D de
Ia madre, sin embargo, el individuo no afectado BD wambién heredé el alele D y puesto que
no estéd enfermmo significa que ocurtid un evento de recombinaciéa. Es decir que ducante la
meiosis para generar los gametos de su padre, el locus del alelo D y el locus de la
enfermedad, originalmente presentes en el mismo cromosoma, fueron separadas por
recombinacién uno en cada miembro del par de cromosomas homdélogos. Entre mayor
ndmero de eventos de recombinacidn se observen, serd mayor la distancia entre el locus de la
enfermedad y el locus del marcador que se estd analizando.

En resurnen, eatre mayor sea el polimorfismo del marcador, serd posible determinar con
mayor precision la segrepacion de 1os alelos del marcador con respecto a la enfecmedad y con
cllo el resultado del estudio de ligamiento serd mds confiable.

L4
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genealdgicos de varias generaciones, hacen que el anélisis estadistico del
ligamiento genético sea menas preciso y origine resultados de ligamiento muy
diferentes, ain para el mismo marcador genético. Por ejemplo, la Z obtenida
por diferentes grupos de investigacién entre el locus del CMT1A y los
marcadores genéticos EW301 y A10-41 fluctia respectivamente entre 2.37 a
10.67 y 0.89 a 5.26 (25). Resultados discrepantes se observan también para los
diferentes marcadores genéticos que se han analizado hasta la fecha.

B. Una estrategia alternativa. El propésito del presente trabajo fué el de
resolver esta lmitacion al incrementar el potencial informativo (mayor grado
de polimorfismo) de cada marcador ligado al CMT1A, mediante el uso de
polimorfismos que se presentan en las secuencias repetidas en tandem tales
como aquellas formadas por un dinucledtido de guanina y timina. Estas
secuencias se designan en este trabajo como secuencias (GT)n.

Secuencias repetidas del dinucledtido guanina y timina (SRDGT) Las SRDGT

son un tipo de secuencia de DNA que se repite en tandem, cuya férmula es
(dC-dA)n.(dG-dT)n y se designan como secuencias (CA)n o (GT)n. Las
SRDGT son muy abundantes y se ha calculado que existen dispersas en el
genoma humano de 50,000 a 100,000 secuencias (GT)n, en donde n= = 10-60.
Si se considera una distribucion uniforme de estas secuencias, la posibilidad de
encontrar secuencias (GT)n es de una por cada 30-60 kb (39-62).

Una caracteristica notable de las secuencias repetidas en tandem (SRT)
es que varia su tamaiio, para un mismo locus entre los diferentes individuos,
debido a un cambio en el nimero de repeticiones dentro de la SRT, (63,64).
Es decir que el polimaorfismo de las SRT es en cuanto a su longitud, y se
pueden reconocer en la poblacidn miltiples alelos para un mismo locus. Esto
se ha demostrado para diferentes SRT, como por ejemplo en el DNA satélite
de primates (65,66), en los genes humanos para la visién del color (67), en la
SRT de los genes que codifican para antigenos del pardsito de la malaria (68),
y en los minisatélites (63,64). Este mismo fendmeno de polimorfismo ocurre
en las secuencias (GT)n ya que son también un tipo de SRT (69-72).

El grado de polimorfismo de las secuencias (GT)n es muy superior al de
los RFLP, ya que mientras que los RFLP distinguen normalmente dos alelos
en la pablacidn, con las secuencias (GT)n se pueden distinguir hasta 16 alelos.
Los marcadores genéticos que basan su polimorfismo en estas secuencias
(GT)n se designan como marcadores (GT)n, y sus correspondientes alelos se
denominan alelos (GT)n. Su polimorfismo se determina al amplificar por PCR
una regidén de 150 pb que contenga la secuencia (GT)a y el tamafio de sus
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alelos (GT)a se visualizan en geles de poliacrilamida (69-72).

El hecho de que los marcadores (GT)n son muy polimérficos, aunado a
su amplia distribucién en el genoma humano, los hacen ideales para los
estudios de ligamiento genético, € incluso representan una herramienta nueva
muy valiosa en la resolucién del mapa genético del genoma humano.
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HIPOTESIS

Las secuencias (GT)n son mas polimérficas que los RFLP. En un
estudio de ligamiento genético, entre mayor sea el grado de polimorfismo del
marcador utilizado, el resultado del estudio serd mas preciso. Por lo tanto, los

marcadores (GT)n determinardn con mayor precisién que los RFLP la
localizacion del locus del CMTI1A,
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OBJETIVO

Localizar por ligamiento genético el locus para la enfermedad del
CMTIA utilizando marcadores (GT)n.

La estrategia que se siguié para cumplir con nuestro objetivo general
estuvo integrada por los siguientes abjetivos experimentales:

[. Identificar marcadores genéticos de la region 17pl11.2-12 que
poseen una repeticion (GT)n.

De acuerdo con los antecedentes, el locus del CMT1A se encuentra
dentro de la regidn cromosémica 17pll.2-12. A todos los marcadores
genéticos disponibles de la regién 17p11.2-12 se les determind por hibridacién
en gota si contenian unma secuencia (GT)n. Puesto que se encuentra una
secuencia (GT)n aproximadamente cada 50 Kb, inicialmente se aislaron
cdsmidos para algunos marcadores cuyo tamaiio era menor de 10 kb. Estos
cosmidos portan fragmentos de DNA humano de aproximadamente 40 kb.

II. Obtener marcadores (GT)n.

De los marcadores positivos para una secuencia (GT)n se subcload v
caracteriz6 un fragmento de DNA que contuviera la secuencia (GT)n, y el cual
se designé como un marcador (GT)n.

III. Determinar ¢l genotipo de los individuos que conforman los
arboles genealogicos segregando CMTIA,

A cada uno de los individuos de los drboles genealdgicos de 1a Figura 3,
se les determind el genotipo, es decir el tamaiio de sus alelos (GT)n, para cada
uno de los marcadores (GT)n identificados en el punto 11,

IV. Calcular el grado de ligamiento genético de cada marcador
(GT)n.

E! cédlculo del grado de ligamiento entre el CMTI1A y los marcadores
(GT)n se planteé determinarse mediante el programa de computacidn
denominado LINKAGE (61).
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MATERIAL Y METODOS.

[. Origen de los materiales y reactivos.

Las enzimas de restriccidon y modificacidn de 4cidos nucleicos se obtuvieron
de diversas casas comerciales; Bethesda Research Laboratories (Bethesda,
MD), Boehringer Mannheim Corporation (Indianapolis, IN), New England
Biolabs (Beverly, MA), y Pharmacia (Piscataway, NJ), y se utilizaron de
acuerdo con las condiciones especificadas por el proveedor.

Los reactivos empleados en la elaboracién de amortiguadores, soluciones
diversas y medios de cultivo se obtuvieron de distintas casas comerciales:
Aldrich (Milwaukee, WI), BIO 101 (La Jolla, CA), Bio-Rad (Richmond, CA),
GIBCO BRL (Grand Island, NY), Mallinckrodt Specialty Chemicals Co. (St.
Louis, MO), New England Nuclear (Boston, MA), Pharmacia (Piscataway,
NI), Sigma Chemical Company (St. Louis, MO) y United States Biochenical
Corporation (Cleveland Ohio).

Il. Familias y su evaluacion clinica.

Se analizaron 194 individuos pertenccientes a siete drboles genealdgicos
en los cuales se segrega la enfermedad de CMTI1A. En ellos se puede observar
l4 transmisién hombre a hombre, y de generacidn en generacidn,
caracteristico de una enfermedad autosémica dominante (Figura 3). Seis de
estas familias, HOU1 (32), HOU2, HOU42 (55), HOU8S5, HOUS8, y HOU89
son de ascendencia Acadio-Francés, mientras que la familia HOU76 es de
ascendencia Judia Ashkenazic. Todos los individuos se sometieron a una
meticulosa evaluacion clinica y electrofisiolégica. Puesto que la disminucion
en la VCN es un signo con penetrancia completa, inclusive para individuos
asintomaticos con CMTI1A, se utilizé este pardmetro para diagnosticar
correctamente la enfermedad. Por tal motivo, a cada uno de los individuos s¢
le determind la VCN bilateralmente de los nervios mediano y cubital. Una
VCN menor de 40 m/s¢g es diagndstica de CMTILA,

De cada individuo se obtuvo sangre periférica y se utilizé para aislar
DNA genémico de alto peso molecular (73). Ademds, a cada uno de los

individuos se le camprabé el origen paterno y materno utilizando el marcador
molecular muy polimérfico denominado YINH24 (locus D2544) (64,74).
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Figura A, Arboles genealgicos segregando la enfermedad de CMT1A,

Todos son de origen Acadio-Francés. Los nameros debajo de cada sfmbolo corresponden a la
ideatificacién del laboratonio para cada individuo. Note la transmision de la enfermedad

bombre a hombre y sin saltar generaciones, caracteristico de una herencia autosérica
dominaate.
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Figura 3B.- Arboles genealégicus segregando la enfermedad de CMT1A.

Todos son de origen Acadio-Francés, excepto HOU72 el cual es de descendencia Judia. Los
ndmeros debajo de cada sfmbolo corresponden 4 la identificacién del laboratorio para cada

individuo. Note la transmisién de la enfermedad hombre a hotbre y sin saltar generaciones,
caracteristico de una herencia autosémica dominante.
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III. Marcadores genéticos.

Los marcadores genéticos que se utilizaron en este trabajo se describen
en la Tabla 1. Para cada uno de ellos se purificé DNA a gran escala por el
método de lisis alcalina, seguido por una purificacién en gradientes de cloruro
de cesio, de acuerdo al procedimiento descrito por Maniatis y cols. (75).

IV. Aislamiento de cdésmidos.

Dos de las secuencias {GT)n descritas en este trabajo (pRM7-GT y OS1-
BGT) se identificaron enr los césmidos cH3 y ¢cO15F4, los cuales corresponden
respectivamente a los marcadores FG1 y al gen de la subunidad §§ del receptor
muscular de 1a acetilcolina. Para la obtenci6n de estos cGsmidos se utilizd una
libreria de cosmidos, especifica del cromosoma humano 17, construida en ¢l
laboratorio National Lawrence Livermore (Livermore, California). El
tamizaje de la librerfa se realizé segin se describe brevemente a continuacion.

A. Preparacion de las membranas. Aproximadamente 10,000 bacterias
portando césmidos se crecieron durante aproximadamente 12 h en membranas
de nylon (Genescreen Plus) colocadas sobre cajas de cultivo conteniendo
medio Luria-Beriani suplementado con ampicilina a 50 pg/ml.
Posteriormente, para amplificar los cosmidos, las membranas se transfirieron
a cajas de cultivo conteniendo €] mismo medio, pero suplementado con
cloranfenicol a 200 pug/ml. Las colonias bacterianas se lisaron directamente
sobre la membrana con una selucion de SDS al 5% y SSC 2X durante § min.
Enseguida las membranas se pusieron en un hormno de microondas de 700 W
durante 5 min en el nivel maximo de poder, se secaron al aire y se hornearon
al vacio durante 2 h a 800C. Finalmente las membranas se lavaron dos veces
en una solucién conteniendo Tris 50 mM pH 8, NaCl 1M, EDTA 1 mM y SDS
al 0.1%, a 500C duraate 15 min cada lavado.

B, Hibridacion de las membranas. El procedimiento de hibridacién y
lavado de las membranas que a continuacién se describe, es el mismo que se
utilizd en todas las hibridaciones referidas en este trabajo. [Las membranas se
prehibridaron € hibridaron a una temperatura de 650C en una solucidn
compuesta de NaCl 1M, SDS 1%, sulfato de dextran al 10% y DNA sonicado
de placenta humana a una concentracién de 0.25 mg/ml. El tiempo de la
prehibridacién fué de 2 h al término del cual se adicion6 la sonda radiactiva
previamente desnaturalizada por calor y se dejé¢ hibridar durante 16 h. El
lavado de las membranas consistié en lo siguiente: un lavado inicial de 5 min
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Tabla 1. Marcadores utilizados en este estudio para la identificaciéon de

repeticiones (GT)n.
MARCADOR LOCUS UBICACION RFLP ALELOS REFERENCIAS

EW301 D17S58 17cen-p11.2 Tagql 4.5/3.1 kb Barker et al., 1987
Belll 10.0/8.0 kb

1516 D1758258 17pl11.2 HindUl 22kb/12+10kb  Patel et al., 1989

pi516-R4 D178258 17pl1l1.2 Mspl 3.3124kb Franco et al., 1990

pA1041 D17S71  17pll.2 Mspl  2.4/1.9kb Nakamura et al., 1988
Pvall 3.273.0kb

S6.1-HB2  D178445 17pl12 Mspl  1.0/1,1kb Patel et al., 1990
Ssel 12.2/7.1 kb
Mspl  1.2/1.6kb

FG-1 D17S446 17p11.2 Apal 12.0/7.5 kb Guzzetta et al., 1991

YNM67-RS D17529 17pl1.2 Tagl J.472.2+1.3 kb Ray etal., 1990
Bglll 8.1/6.7 kb

EW401 D17S61 17pl11.2-p12 Mspl 5.2/4.4 kb Wright et al., 1990

EW402 D17S562 17p11.2-pi2  Mspl 8.0/7.0 kb Wright et al., 1990

EW403 D17863  17p11.2-p12 Mspl  13.5/6.8kb Wright et al., 1990

EWd4(4 D17564 17p11.2-p12  Mspl 5.6/5.0 kb Wright et al., 1990

EW405 D1758121 17p11.2-p12 Mspl 2.1/14 kb Wright et al., 1990

VAW409R1 D17§122 17p11.2-p12 Mspl 5.3/2,742.6 kb  Wright et al., 1990

VAW49R3 D175122 17pi11.2-pl2 Mspl 2.8/2.7711.9 kb Wright et al., 1990

VAW410R1 D17S123  17p11.2-p12 Bgill  2.0/2.1kb Wright et al., 1990
Tagl 10/9.4 kb

VAW411RZ DI175124  17p11.2-p12  Mspl  10.5/6.1 kb Wright et al., 1990
Bgill 11.0/10.7 kb

VAW4I2R3 DI175125 17p11.2-p12 Mspl  10.5/5.4kb Wright et al., 1999

EWS02 D17566 17p11.2-p12  Taygl 2.2/1.4kb Wrightet al.;, 1990

EWS503 D17S67  17p11.2.pl2 BelMl  6.9/5.7Kkb Wright et al., 1990

cl1517 D178259 17p11.2-pl2 Patel et al., 1990

cl541 D175260 17p13 Patel et al., 1990
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a temperatura ambiente en una solucion de SSC 2X y 0.1% de SDS; enseguida
un lavade de 20 min a 650C en una solucién de SSC2X y SDS al 0.1%, y
finalmente un lavado de 10-20 min a 650C en una sclucién de SSC 0.1X y SDS
al 0.1%. Las membranas se colocaron con un film sensible a la radiactividad
(Kodak XAR-5) durante al menosl2 horas a una temperatura de -700C.

Y. Obtencién de marcadores genéticos (GT)n.

A. Identificacion de secuencias (GT)n. Para identificar este tipo de
secuencias se analizaron por hibridacién de DNA en gota (76) todos los
marcadores genéticos disponibles en el laboratorio que habfan mostrado cierto
grado de ligamiento con la enfermedad de CMTI1A (Tabla 1).

B, Preparacion de la sonda. Se utiliz6 como sonda un copolimero sintético
de doble cadena del dinucleétido guanina y timina denominado poly(dC-
dA).poly(dG-dT) (Pharmacia). 100 ng de este copolimero se marcaron
radiacuvamente con [alfa-32P)dCTP (New England Nuclear) utilizando el
estuche de marcaje por translacién de la muesca o “Nick Translation”
(Amersham).

C. Hibridacion de DNA en gota (76). Para esta hibridacion se utilizd el
dispositivo Vacusystem (BioRad) y se manejd de acuerdo a las instrucciones
especificadas por el proveedor. Bédsicamente consistié en lo siguiente. Se
colocé una membrana de nylon (Genescreen Plus) del tamafio apropiado en el
Vacusystem y en cada uno de sus pozos se depositd 1 pg de DNA disuelta en
100 ul de agua. El DNA fué previamente desnaturalizado por ebullicién
durante 5 min y enfriado inmediatamente en hielo durante § min. Se aplicd
vacio para succionar la solucién y adherir €] DNA a la membrana de nylon,
enseguida se depositd 400 pl de NaOH 0.4 N en cada uno de los pozos y se
aplicé nuevamente vacio. La membrana se separ$ del Vacusystem, se lavo con
SSC 2X y se dejo secar al aire entre dos hojas de papel Whatman 3 MM. La
membrana se prehibridé € hibridé de la manera anteriormente descrita, con
las diferencias de que el tiempo de la hibridacién fué de S h y la membrana se
lavé Gnicamente a temperatura ambiente en una solucién contemendo SSC 2X
y SDS al 0.1%. Finalmente [a membrana se coloc6 con una pelicula de Rayos
X sensible a la radiactividad, a -700C durante 2 a 12 h. En este tipo de
experimentos se utilizd como control positivo un fragmento de DNA de 150
pb que contenia una secuencia (GT)n.

D. Subclonucion y caracterizacion de las secuencias (GT)n. Como se
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menciondé en los antecedentes, el polimorfismo de las regiones (GT)n se
determina por la técnica de PCR, y por lo tanto es importante conocer la
secuencia nucleotidica de la regién que flanquea la secuencia (GT)n para
sintetizar los oligonucledtidos necesarios en la reaccidn de PCR. Por esto, una
vez idendficados los marcadores genéticos que contienen una secuencia (GT)n,
es necesario subclonar un fragmento de DNA que contenga la secuencia
repetida y que sea del tamaiio adecuado para su secuenciacién. La estrategia
que se siguid para este propdsito fu€ la de cortar los marcadores positivos para
secuencias (GT)n con enzimas de restriccién cuyo sitio de reconocimiento era
de cuatro y cinco nucledtidos. Los fragmentos de DNA que resultaron de la
digestion se separaron en un gel de agarosa al 1.5% y mediante una
hibridacidn tipo Southern (55) se determiné cual de las enzimas producia un
fragmento de DNA, portando la secuencia (GT)n, del tamafio adecuado para
secuenceo. A diferencia del procedimiento de hibridacién en gota seca, en el
Southern, el DNA se separé imicialmente en un gel de agarosa y
posteriormente se transfirid por capilanidad a la membrana de nylon. Una vez
identificada la enzima de restriccidn que produjo el fragmento de interés, se
corté nuevamente ¢l marcador para purificar dicho fragmento de un gel
preparativo de agarosa utilizando el estuche de Geneclean (BIO 101).
Finalmente este fragmento de DNA se subcloné en el plasmido pTZI9R
mediante una reaccion de ligacién. La reaccién de ligacidn se efectué en un
volumen final de 15 pl conteniendo: 300 ng del vector pTZ19R, 200 ng del
fragmento portando la secuencia {(GT)n, 1.5 1 de amortiguador One Phor-
All Plus (Pharmacia), 1 mM de dATP y 1 U de DNA ligasa del bacteriéfago
T4. Esta mezcla se incubé a 160C durante al menos 1 h, y el producto de ia
ligacion se utilizé para transformar Escherichia coli DHS alfa Ca++
competentes. Las clonas recombinantes se analizaron con enzimas de
restriccion para corroborar que contuvieran €l ionserto del tamaio
correspondiente y se les determiné la secuencia nucleotidica mediante el
procedimiento de terminacién de ¢adena (77,78) utilizando el estuche de
“Sequenase Kit” (United States Biochemicals) en combinacién con 35S-a-
dATP (Amhersam).

VI. Determinacion de genotipos (GT)n.

Para determinar ¢l polimorfismo en ¢l locus de las secuencias (GT)n,

de los diferentes individuos y obtener sus correspondientes genotipos (GT)n,
se analizé el DNA gendmico mediante un procedimiento previamente descrito
en la literatura (70).
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A. Aislamiento de DNA genémico de alto peso molecular. De cada
individuo que formé parte de los diferentes irboles genealégicos se obtuvo
DNA gendmico de alto peso molecular a partir de sangre periférica de
acuerdo al procedimiento descrito por Miller y cols. (73). De 15 a 25 ml de
sangre se centrifugaron a 2500 rpm por 15 min en un tubo cénico de 50 ml, se
descartd el plasma y se adiciond al tubo una solucién conteniendo Sacarosa
0.32 M, Tris pH 7.5 10 mM, MgClz2 5 mM y 1 % de Tritén X-100 hasta

completar SO ml, se mezel§ por inversién y se incubd en hielo por 30 min. Se
centrifugé nuevamente, se descartaron = 42 mi, la pastilla celular se
resuspendid después de aforar nuevamente a S0 ml con la misma solucidn y se
colocé nuevamente en hielo por 20 min. Se volvié a centrifugar y el
precipitado se resuspendié en 3 ml de una solucidn conteniendo Tris pH 7.5 10
mM, NaCl 400 mM y EDTA 2 mM, y se le adicioné 0.1 ml de SDS al 20% y
0.5 ml de una solucidn de proteinasa K a 2 mg/ml. Se incubé par 12 h a 370C
y la proteinasa se elimind con un tratamiento de fenol. Finalmente, el DNA se
precipité con 2 volimenes de etanol y un décimo de acetato de sodio 3 M, se
recuperd con una pipeta pasteur y se resuspendio en TE (Tris 10 mM pH 7.5
y EDTA 1 mM).

B. Marcaje de oligonucledtidos. Unc de los dos oligonuciedtidos
utilizados en la reaccién de PCR, se marcé radiactivamente en su extremo 5’
utilizande la enzima polinucledtido cinasa. El marcaje se realizé en un
volumen final de 15 pl conteniendo: 1.2 uM de oligonucledtido, 100 uCi de
[y-32PJATP con una actividad de 6000 Ci/mmol, amortiguador One Phor-All
Plus (Pharmacia) diluido a una concentracién final de 1X, y 10U de la enzima,
La mezcla se incubd a una temperatura de 370C por 30 minutos, y la enzima
se inactivo a 650C por 10 minutos.

C. Reaccidon de PCR. La reaccién de PCR se realizé utilizando candiciones
estandar (79) en un volumen final de 25 pl que contenfa: 300 ng de DNA
gendmico, cada uno de los dos oligonucledtidos que flanquean la secuencia
(GT)n a una concentracién de 1 pM, 0.2 pl de uno de estos dos
oligonucledtidos marcado radiactivamente, 250 UM de cada uno de los 4
desoxinucleétidos (dATP, dCTP, dGTP y dTTP), 2.5 ul de buffer de PCR
(KCl a 500 mM, Tris-HCI 120 mM pH 8.0, MgCI2 a 1.5 mM, y gelatina al
0.01%), y 0.63 U de la enzima DNA pcolimerasa “Ampli-Taq” (Cetus). Las
condiciones de la reaccién de PCR fueron una desnaturalizacion inicial de 5
min a 940C; seguida por 30 ciclos de amplificacidn, consistiendo cada ciclo de
1 min de desnaturalizacién a 940C, 1 min a 550C y 2 min de polimerizacién a
720C; y una extensién final de 7 min a 720C. 1.5 pl del producto de la
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reaccién de PCR se mezcld con 2 pl de formamida (Stop solution, United
States Biochemical Corporation) y se analizd en un gel de poliacrilamida al
6% del tipo que se usa para secuenciacién de DNA, La electroforesis se
desarroll6 durante 3.5 hrs a 40 W. Laos geles se secaron y se colocaron con un
film Kodak XAR-5 durante 2-12 horas a una temperatura de -700C. Para
determinar el tamaiio de los alelos (GT)n de los diferentes individuos, estos
alelos se compararon en ¢l gel de sequencec con ¢l producto del PCR del
respectivo plasmido recombinante que contenia la secuencia (GT)n. Puesto que
se obtuvo la secuencia nucleotidica de estos plasmidos, se conocia el tamaiio
exacto del producto de PCR de cada marcador (GT)n.

D. Interpretacion de los resultados. Los genotipos (GT)n, es decir los
alelos (GT)n para cada individuo se designaron de acuerdo a su tamaiio en
pares de bases: A= 165, B=163, C=161, D=1359, E=157, F=155 y G=153. A
los individuos que se les observé Unicamente un alelo se registraron como
poseedores de dos copias de ese alelo. Los genotipos para cada individuo se
leyeron sin conocer €l estado de su enfermedad , y se confirmaron por otros
dos investigadores. En este tipo de polimorfismos de secuencias repetidas se
observan invariablemente bandas de menor tamafio y menos intensas que la
banda principal de los alelos; sin embargo, es posible leer los genotipos sin
ambigiliedad (72).

VIL. Obtencion de genotipos utilizando RFLP,

A. Anilisis tipo Southern. En este andlisis se utilizé €l DNA gendmico de
alto peso molecular purificado anteriormente. Muestras de DNA de los
diferentes individuos (5.5 pg), se digirieron con la enzima de restriccién Msp/
de acuerdo a las condiciones especificadas por la compaiiia, utilizando 3-4
U/ug de DNA. Los DNAs digeridos se separaron por electroforesis en geles
de agarosa al 1% en buffer TAE (Tris-HCI 40mM, pH 8.5, acetato de sodio 40
mM, y EDTA 2 mM) durante aproximadamente 16 h con un voltaje constante
de 35 volts y se transfirieron a una membrana de Nylon (Genescreen Plus).
La transferencia ¢ hibridacién del DNA se realizaron de acuerdo al
procedimiento ya descrito anteriormente(55). En este caso, después de la
hibridacién las membranas se lavaron con una solucién de SSC 2X y SDS al
0.1% a temperatura ambiente durante 5 min, enseguida con SSC2X y SDS al
0.1% a 650C durante 30 min y finalmente con SSC 0.1X y SDS al 0.1% a
650C durante 10-20 min, Las membranas se colocaron con un film sensible a
la radiactividad.
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B. Marcaje radiactivo de las sondas. El marcaje se realizé con 100 ng de
DNA de las sondas ya sea en solucién o en agarosa de bajo punto de fusién
previamente fundida, mediante el procedimiento de Feinberg and Vogelstein
(80) utilizando 32P-o—dCTP (New England Nuclear) . Cada una de las sondas
radiactivas se precipité agregando espermina a 10 mM, para eliminar los
nucleétidos libres (81).

C. Preasociacion de las sondas. Debido a la relativa abundancia de
secuencias repetidas en el genoma humano (por ejemplo la secuencia Alu), es
muy alta la probabilidad de que el DNA utilizado como sonda contenga una de
ellas. Si este es el caso, la sonda hibridard con un gran nimero de fragmentos
de DNA y como resultado de la hibridacién se observara una sefial radiactiva a
lo largo del carril. Para evitar ésto, antes de que se utilizaran en la
hibridacidn, las sondas radiactivas se mezclaron en una solucién de hibridacién
que contenia DNA sonicado de placenta humana a una concentracién final de
0.25 mg/ml. Esta mezcla se calentd a 950C durante 5 min y la preasociacién se
realiz6 a 650C durante dos horas. Durante este tiempo las secuencias repetidas
de la sonda hibridardn con las secuencias repetidas del DNA sonicado de
placenta humana, y de esta manera né hibridardn con el DNA adherido a la
membrana de nylon.

D. Cuantificacion de las bandas de hibridacion. La cuantificacién de
las bandas de hibridacién, correspondientes a los alelos Mspl en las
autorradiografias de los Southern se determiné al comparar por inspeccion
visual y por densitometria (LKB Ultrascan) la sefial de hibridacién entre las
dos bandas de los alelos polimérficos Msp! de individuos heterocigotos.

VII1.Separacion de los alelos polimérficos Mspl del marcador
VAW409R1.

La separacién y purificacion de los alelos se realizé segin el método
descrito por Bedford y van Helden (82). El DNA gendmico (5 ug)
correspondiente a los individuos de una familia del arbol genealdgico HOU42
se digiri6 con la enzima de restriccién Mspl y los fragmentos de DNA
resultantes de la digestién se separaron por electroforesis en un gel de agarosa
al 1% en buffer TAE. Para permitir una buena separacion de los fragmentos
de DNA, la electroforesis se realizé a 20V, durante aproximadamente 20
horas. Del gel se cortaron por separado los fragmentos de 3 y 6 Kb,
correspondientes al tamaifio de los alelos polimérficos Mspl del marcador
pVAW409R1, y se purificaron de la agarosa utilizando el estuche de
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Geneclean (BIO101). A cada uno de estos DNA se le determiné por PCR el
nimero de alelos (GT)n utilizando los oligonucledtidos del marcador pRM11-
GT.

IX. Construccion y andlisis de hibridos de células somaticas.

Se utilizaron hibridos de células somadticas para separar los cromosomas
homdélogos, paterno y materno, nimero 17, de los individuos 42-331, 42-332
y 42-333. Los hibridos se construyeron de acuerdo a 1o descrito por Zoghbi y
cols. (83), usando como célula paterna la linea celular de Hamster Chino a23,
deficiente en timidina kinasa (84). Brevemente, se crecieron en dos cajas de
cultivo de 100mm 107 células a23, durante 16 a 24 horas y posteriormente se
lavaron con medio Eagle modificado por Dulbecco (MEMD). 107 linfoblastos
de cada individuo se resuspendieron en 10 ml de solucién salina de Hanks
(GIBCO), adicionada con 250 pl de una solucion de fitohemaglutinina (Sigma)
a 1 mg/ml. A cada una de ambas cajas de cultivo que contenian las células
a23, se les adicioné 5 mls de la suspensién de linfoblastos, y se incubaron a
370C durante 15 min. Posteriormente se aspiré la solucién y se vertieron
sobre cada caja 2 ml de una solucidén de polietilenglicol 1500 al 50%
(Boehringer Mannheim Biochemicals). Transcurrido | min se aspird la
solucién del polietilenglicol, se lavaron las células tres veces con MEMD y se
incubaron en el mismo medio a 370C durante 30 min, Nuevamente se aspiré el
medio, y se depositd en cada caja 10 ml de medio MEMD suplementada con
10% de suero fetal de ternera (SFT), y se incubaron nuevamente durante 12
horas. Los hibridos formados se seleccionaron en medio MEMD conteniendo
10% de SFT, 0.1 mM de hipoxantina, 0.001 mM de aminopterina, y 0.01 mM
de timidina. Transcurridos de 12 a 14 dias se aislaron los hibridos resultantes
y se transfirieron a cajas de microtitulacién de 24 pozos.

Para determinar cual de los dos cromosomas homologos 17 se retuvo en
los hibridos, se utilizé el marcador genético (GT)n OS1-BGT (este marcador
se localiza fuera de la regién duplicada y forma parte de un intrén del gen
para la subunidad beta del receptor muscular de la acetilcolina). Las c€lulas
que crecieron en cada uno de los pozos, se colectaron y se lisaron por
ebulliciéon en 30 pl de buffer de PCR. Cada uno de los lisados se sometié a una
reaccion de PCR utilizando los oligonucleétidos que flanquean la secuencia
(GT)n del marcador OS1-BGT . La reaccién de PCR se realizé de la manera
anteriormente descrita utilizando ya sea 3 l de cada lisado celular o 1K} ng de
DNA gendmico de los pacientes seleccionados. Finalmente, para determinar
que cramosoma 17 se retuvo, s¢ compararon los alelos (GT)n de los
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linfoblastos del paciente contra el alelo presente en cada hibrido,
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RESULTADOS.

Con el objetivo de definir con mayor precisiéon el locus para la
enfermedad de CMTIA, se inicié 1a identificacién de secuencias (GT)n en
diferentes marcadores genéticos ligados al CMT1A (Tabla 1).

I. Deteccion de secuencias (GT)n en los marcadores ligados al
CMTI1A.

Inicialmente llevamos a cabo un experimento piloto para determinar la
factibilidad de identificar secuencias (GT)n con el procedimiento de
hibridacion en gota, El resultado se muestra en la Figura 4, donde se observa
una sefial de hibridacién fuerte en los testigos positivos y pricticamente nula
con los negativos. Estos resultados mos indicaron que el procedimiento
funcioné adecuadamente, por lo que procedimos a determinar cuales de los
marcadores citados en la Tabla 1 contenian una secuencia (GT)n. De esta tabla,
los marcadores genéticos S6.1-HB2 y FGl, corresponden a dos nuevos
marcadores de la regién cromosdémica 17p11.2 que se identificaron y clonaron
en nuestro laboratorio (57,58).

De todos los marcadores citados en la Tabla 1, {inicamente 5 resultaron
positivos para la presencia de una secuencia {GT)n: cH3, c1517, ¢c1541, c1516
y VAW4Q9R1, En la misma Figura 4, se muestra dnicamente €l resultado de
1a hibridacién en gota para los marcadores cH3 y ¢1517,

El siguiente paso fué el identificar y subclonar de estos marcadores un
fragmento del tamafio apropiado para secuenciacion y que contuviera la
secuencia (GT)n. La estrategia que seguimos fué el de cortar estos cinco
marcadores con diferentes enzimas de restriccién y mediante el procedimiento
de Southern identificar los fragmentos de interés que contuvieran una
secuencia (GT)n. Cabe sefialar que los marcadores cH3, c1517, c1541 y c1516
corresponden a cosmidos con un inserto de DNA humano de aproximadamente
40 kb, mientras que ¢l marcador VAW409R1 cormresponde al plasmido pUCI8
con un inserto de DNA humano de 11 kb.

En la Figura 5 se muestra el patrén electroforético de los fragmentos
de restriccién del cdsmido cH3 analizados en un gel de agarosa al 1.5%. Este
mismo gel se utilizd en el andlisis tipo Southern para identificar cual
fragmento de restriccion contenia la secuencia (GT)n (Figura 6). Como se

9



A B C
(+) — 4N L
(=) —

MARCADORES
Geneticos — @D [S— “ea—

Figura 4. ldentificacion de marcadores genéticos que contienen una secuencia
(GT)n por hibridacién en gota.

Autorradiograffa de una hibridacién utilizando como sonda radiactiva un copolimero bicatenario
sintético del dinucleétido guanina y timina. Las sefiales en los tres carriles A, B, y C de 1a linea
indicada (+), corresponden al testigo positivo del experimento, el cual consistié de un
fragmento de DNA de 150 pb (20 ng) que contenfa una secuencia repetida del dinucleétido
guanina y timina. En los carriles de la linea indicada (-) se encuentran los testigos negativos del
experimento, los cuales corresponden a 1 pg de los siguientes pldsmidos: A) pTZI9R, B)
pUCI18 y C) pBR322. En la tercer lfnea se colocaron 1 pg de los siguientes marcadores
genéticos: A) cH3, B) c1517 y C)cl516.

30



Marcador
Avall
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Figura 5. Patron de restriccion del marcador genético cH3.

Fotografia de los fragmentos de restriccién del marcador cH3. Cada carril representa la
digestién de 1 ug de DNA del marcador cH3 con las diferentes enzimas de restriccién indicadas
en la parte superior de la figura, y se analizaron en un gel de agarosa al 1.5%. El gel se tifi6
con bromuro de etidio y se visualiz6 por iluminacién con luz ultravioleta. El gran nimero de
bandas es debido a que este marcador corresponde a un c6smido con un fragmento de DNA
humano de aproximadamente 40 kb. Este mismo gel se utiliz6 en el procedimiento tipo
Southern para identificar por hibridacién molecular cual fragmento de restriccién conten{a la

secuencia (GT)n (Figura 6). El * indica que las digestiones contenfan ademds la enzima
EcoRl.



observa en la Figura 6 préicticamente en todos los carriles se puede distinguir
una banda principal con respecto a la seiial de hibridacidn. Las otras senales de
hibridacidn, de diferente intensidad deben corresponder también a secuencias
(GT)n, pero con un mimero menor de secuencias del dinucleStido guanina
y timina. Puesto que se ha determinado que entre mayor sea el nimero de
veces que se repite la secuencia en tandem es mayor ¢l polimorfismo, se
tomaron en cuenta Gnicamente los fragmentos de DNA que mostraron la
mayor intensidad en la sefial de hibridacidn. El fragmento de menor tamaifio
que contiene la secuencia (GT)u del cosmido cH3 se observa en los carriles 2 y
9, los cuales corresponden a una digestion con las enzimas de restriccién Avall
y Tagql respectivamente. De acuerdo con el patrén de digestién enzimética
mostrado en la Figura 5, se observa que el cdsmido cH3 fu€ fraccionado
mayormente con la enzima Avall que con Taql. Tomando esto en
comsideracion, €s muy probable que en el rea del gel de agarosa a nivel de la
sefial de hibridacién exista un nimero mayor de fragmentos diferentes de
DNA en el carril correspondiente a la enzima Avall, que en el carril
correspondiente a la enzimaTagl. Por esta razdéan decidimos subclonar del
c¢ésmido cH3 el fragmento Tag! positivo para una secuencia (GT)n. Este
fragmento se sometié a una reaccion con el fragmento klenow de la DNA
polimerasa I, para convertir sus extremos de cadena sencilla en extremos
romos, y se subclond en el sitio romo Hincll de pTZ19R. De acuerdo con las
marcadores de peso molecular utilizados, este fragmento Tag! correspondié a
un tamano de 900 pb.

En las Figuras 7 y 8 se muestran los resultados del Southern para la
identificacion de sccuencias (GT)n correspondientes respectivamente a los
marcadores ¢1517 y cl1541. En estos casos no se muestra el patrén
electroforético de la restriccién de cada uno de ellos, sin embargo al igual que
para el marcador ¢cH3 se siguieron los mismos criterios para la seleccién del
fragmento a subclonar que contuviera la secuencia (GT)n.

De acuerdo con €] patrén de restriccién y el resultado del Southern
para el marcador ¢1517, mostrado en la Figura 7, se seleccioné el fragmento
PstI de 450 pb presente en el sexto carril, y se subclond en el mismo sitio del
vector pTZ19R. Para el caso del marcador cl541, Figura 8, se selecciond el
fragmentoSphl de 550 pb presente en el octavo carril, y se subclond en el sitio
correspondiente de pTZ19R.

En el caso del marcador YAW4(09R 1, inicialmente se identificd la

secuencia (GT)n en un fragmento Pstl de 2000 pb (Figura 10). Sin
embargo, debido aque eraun fragmento muy grande para secuenciar, este
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Figura 6. Deteccion de secuencias (GT)n por hibridacién tipo Southern en
fragmentos de restriccion del marcador genético cH3.

Autorradiografia de una hibridacién tipo Southern utilizando como sonda radiactiva un
copolimero sintético del dinucle6tido guanina y timina. Para este experimento se utiliz6 el gel
mostrado en la figura 5. En la parte superior de la figura se indican las diferentes enzimas de
restricci6n utilizadas. El * indica que las digestiones contenian ademé4s la enzima EcoRI. De
este marcador se escogi§ para subclonar en pTZ19R el fragmento correspondiente a la sefial de
hibridaci6n en el carril Tagl, con un tamaio = de 1000 pb.
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Marcador
Hincll *

Figura 7. Deteccion de secuencias (GT)n por hibridacién tipo Southern en
fragmentos de restriccion del marcador genético c1517.

Este es un experimento similar al descrito en la figura 6, excepto que corresponde al marcador
c1517. El * indica que las digestiones contenfan ademds la enzima EcoRI. De este marcador se
escogi6 para subclonar en pTZ19R el fragmento correspondiente a la sefial de hibridaci6n del
carril Pstl, con un tamaifio de =500 pb.
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Figura 8. Deteccién de secuencias (GT)n por hibridacién tipo Southern en
fragmentos de restriccion del marcador genético c1541.

Este es un experimento similar al descrito en la figura 6, excepto que corresponde al marcador
c1541.El * indica que las digestiones contenfan adem4s la enzima EcoRI. De este marcador se

escogi6 para subclonar en pTZ19R el fragmento correspondiente a la sefial de hibridacién del
carril Sphl, con un tamaiio de =500 pb.
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fragmento se digirié con las enzimas de restriccién Alul, Haelll y Rsal, y los
fragmentos resultantes de la digestién se purificaron de un gel de agarosa al
1.5%. Estos fragmentos se sometieron a una Hibridacion de DNA en
gota para determinar cual de eflos contenia el fragmento méis apropiado para
la secuenciacién. De acuerdo con el resultado (datos mo mostrados) se
selecciond un fragmento Haelll de 250 pb y se subclond en el sitio Hincli del
vector pTZ19R.

Cada uno de los pldsmidos recombinantes que se obruvieron de la
clonacidn de las secuencias (GT)n de los diferentes marcadores, se analizaron
por la técnica de hibridacién en gota para demostrar que realmente contenian
una secuencia (GT)n. Esto se realizé debido a que podria haber contaminacién
con otros fragmentos que por ser del mismo tamafio comigrarian con el
fragmento que contenia la secuencia (GT)n. Un resultado representativo de
este procedimiento, correspondiente al marcador cH3, se muestra en la Figura
10. En esta hibridacidn se utilizaron 13 clonas que por anélisis con enzimas de
restriccién se habfa determinado que contenfan un fragmento del tamaifio
esperado, sin embargo tal y como se observa en la figura, no todas las clonas
dan una seiial positiva para la presencia de una secuencia (GT)n.

Una vez que se identificaron cuales pldsmidos recombinantes contenfan
una secuencia (GT)n se procedié a determinar su secuencia nucleotidica. Cada
una de estos plasmidos portando un fragmento de DNA con una secuencia
(GT)n, corresponden a los marcadores (GT)n de este estudio. El nombre con
el cual se designaron estos marcadores son: pRM7-GT (cH3), c1517-GT
(c1317), c1541-GT (c1541) y pRMI11-GT (VAW409R1).

II. Caracterizacion de los marcadores (GT)n.

Con el prop6sito de caracterizar la secuencia repetida de los marcadores
(GT)n 'y sintetizar oligonucledtidos que flanquean esta regidn, para la
obtencién de los genotipos (GT)n, se determiné la secuencia nucleotidica de
estos marcadores por el método de Sanger (77). El tipo de la secuencia
repetida de los marcadores (GT)n es la siguiente:

pRM7-GT; (GTe

¢1517-GT: (GTn3 G (GT)z

c1541-GT: (TGC)4 TTGC (GT)31 AT(GT)1g
pRM11-GT: (TA)s N (GT)17 (AT)s
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Figura 9. Deteccion de secuencias (GT)n por hibridacion tipo Southern en
fragmentos de restriccion del marcador genético VAW409R1.

Este es un experimento similar al descrito en la figura 6, excepto que corresponde al marcador
VAW409R1. Del fragmento Pst de =2000 pb positivo para una secuencia (GT)n, se

identificé y subclon6 en pTZ19R un fragmento Haelll de 250 pb que contenfa la secuencia
(GT)n. El carril (+) representa un testigo positivo que corresponde 2 un fragmento de DNA de
150 pb con una secuencia (GT)n.
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Note que la secuencia {(GT)n del marcador cl1541-GT esta precedida por
una secuencia repetida del trinucleétido TGC. Mientras que la secuencia (GT)a

del marcador pRMI11-GT estd flanqueada por secuencias repetidas del
dinucleétido adenina y timina.

En la Figura 1l se muestra dnicamente la secuencia nucleotidica
completa del marcador pRM11-GT, el cual es ¢l marcador mds relevante de
este estudio. En ella se sefialan las secuencias utilizadas para la sintesis de
oligonucledtidos, asi como la regidn de la secuencia repetida. De esta figura se
puede deducir que el producto de una reaccién de PCR a partir de este
marcador, utilizando sus respectivos oligonucleétidos, corresponde a un
tamaiio de 159 pb. En base al tamafio de este producto se determiné por
comparacién ¢l tamaio de todos los alelos (GT)n de las personas que se
analizaron con este marcador.

Las secuencias nucleotidicas de los marcadores genéticos (GT)n que se
seleccionaron para la sintesis de oligonucledtidos, en direccién 5'-3’°, son las
siguientes:

RM7-GT: ATTATITATTTTGATGTCTGAACAC y CTTGGTGAAACGCTGTCTGTCA
c1517-GT: CAGGTGCACAGICACACACTGG y GGCTTAGCTGCTGTTTCATGGC
¢cl1541-GT: CTCCCCAACATGCITICTICTC ¥ AATGGCTCCAAAAGGAGATATTG
RMI11-GT: CAGAACCACAAAATGTCITGCATTC y GGCCAGACAGACCAGGCTCIGC

La funcionalidad de estos oligonucleStidos se determiné mediante la
reaccién de PCR utilizando ¢como templados sus respectivos marcadores y
DNA genémico humano. En el presente trabajo se describe €l uso de los
marccadores pRM11-GT y OS1-PGT; y en los articulos que s¢ anexan de
Greenberg y cols. (57) y Guzzetta y cols. (85) se describe el de los otros tres
marcadores (GT)n.
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GGCCACACAG ACCAGGCICT GCTCTACTTA AATAATCITT ATGTATATAT ATATGCACAC

CCGGTCTGIC

RCACACACAC
TGTGTGTGTG

CTTTATTTGT
GRAATAAACA

AGAAAGAGAA
TCTTICTCTT

CTGGGAGTGA
GACCCTCACT

TGGTCCGAGA CGAGATGAAT TTATTAGAAA TACATATATA TATACGTGTG

ACACACACAC ACARCACACAT ATATATATAT ATATAAATAA ACTGTGGTAG
TGTGTGIGIG TGTGTGTGTA TATATATATA TATATTTATT TGACACCTAC

ATTTGRATGC AAGACATTTT GTGGTICTGT AATTCCAAAA ARRAGAAGAA
TAARCTTACG TTCICTAAAR CACCAAGACA TTAAGGTTTT TTTTCTITCTT

AGAGTGACTT CAGCARGAACA GCTCTCTGCA ATCAGCCAAG AACRAGGAAA
TCTCACIGAA GTCGICITGT CGAGAGACGT TAGTCGGTTC TTGTTCCTTT

AATAGGGCCT
TTATCCCGGA

Figura 11. Secuencia nucleotidica del marcador pRM11-GT.
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En esta figura se muestra la secuencia de nucledtidos en cadena dable del marcador pRML -
GT. Esta secuencia nucleotidica se obtuvo de la autarradiegralia del gel de secuenciamiento
para este marcador mostrado en la figura [4. Se subrayan las secuencias de nucleétidos
utilizadas para la sintesis de oligonucledridos, mientras que la regién repetida se delimita por

los paréntesis.
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II1. Evidencia inicial de una duplicacién del locus D175122 en
pacientes con CMTI1A,

Con cada uno de estos marcadores se analizd inicialmente en todos los
individuos del arbol genealogico HOUBY (éste se escogid por que es el arbol
con un nimero mayor de generaciones). Para nuestra sorpresa, al analizar los
genotipos (GT)n que se¢ obtuvieron con el marcador pRMI11-GT, se
observaron tres alelos (GT)n Gnicamente en res individuos afectados con
CMTI1A. Ademais los tres individuos eran hermanos. En la Figura 12 se
presentan los genotipos (GT)n de la familia del 4rbol genealégico HOU8Y a la
que pertenccen los pacientes con tres alelos (GT)n. Como se observa en la
figura los individuos 89-342 y 89-343 muestran tres alelos (GT)n los cuales
son similares a los alelos (GT)n de sus padres (89-341 y 89-373). Este
resultado indicd que podria existir una duplicacidn de la secuencia de DNA del
marcador pPRM11-GT (marcador del locus D17S122), en los individuos
afectadas con CMTI1A. Sin embargo, puesto que ésto se observd nicamente en
tres de los trece individuos afectados con CMT1A del arbol genealégico
HOU9, también cabia la posibilidad de que fuera un artefacto técnico.

Como se menciond en resultados anteriores, el marcador pRM11-GT
fué subclonado del marcador VAW4(09R]1 el cual pertenece al locus D17S8122.
Puesto que el marcador VAW409R3 pertenece tambi€n al mismo locus se
pensé que posiblemente la duplicacidén podria ser observada utilizando el
polimorfismo tipo RFLP que se ha descrito para este marcador VAW409R3
con la enzima Maspl. Ya que a los individuos de los drboles genealdgicos
presentes en la Figura 3 s¢ les habia analizado dicho polimorfismo con el
marcador VAW409R3, nos enfocamos a analizar las autoradiografias de los
Southern para determinar si los individuos afectados tenfan un alelo extra para
este marcador. En la siguiente seccién se describen los hallazgos de este
andlisis.

IV. Confirmacién de la duplicacién del locus D175122 por RFLP
usando el marcador VAW4(09R3.

La probable duplicacion del locus D175122 que se observd en tres
pacientes del arbol genealdgico HOUB9, dié pauta al analisis de los alelos
RFLP de este locus. Por andlisis tipo Southern se detectan en el locus D175122
hasta tres diferentes alelos Mspf en la poblacién humana (y basta dos alelos
por individuo) utilizando el marcador YAW409R3; y dnicamente dos
diferentes alelos com el marcador VAW409R1 (56,86). Teniendo e€n cuenta
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Figure 12. Observacion inicial de tres alelos (GT)n en pacientes con CMTIA
del arbol genealégico HOUSY.
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Alelos (GT)n para el marcador pPRM11-GT en una familia del drbol genealégico HOUB9. Se
utilizan simbolos estandard y los individuos afectados se representan en negro. Las bandas de
menor tamaiio y menos intensas que las bandas principales de los alelos, son invariablemente
observadas en los polimorfismos de secuencias repetidas; sin embargo es posible leer los
genotipos sin ambiguedad (72). Note que en los pacientes 89-342 y 89-343 se observan tres
bandas principales: tres alelos (GT)n (73).



que en individuos afectados con CMT1A hay tres copias del locus D17S5122 y
que el marcador VAW409R3 pertenece al mismo locus, cabe esperar que un
individuo con CMTI1A contenga tres alelos Mspl para este marcador. Si el
individuo con CMT1A es homocigoto paralos alelos Mspl, inicamente se
observara una banda (alelo) de hibridacién, la cual debe contener los tres
alelos Mspl; si el individuo con CMT1A es heterocigoto, se deben observar
dos bandas de hibridaci6én, una de las cuales debe contener dos de los tres
posibles alelos Mspl, y por lo tanto al tener el doble de DNA, su sefal de
hibridacién radiactiva debe ser el doble con respecto a la sefial de la otra
banda; y si en el individuo con CMT1A los tres alelos Mspl son diferentes se
espera observar tres bandas, cada una con una sefial de hibridacion
equivalente. Por otro lado, en individuos no afectados heterocigotos para este
marcador (VAW409R3), puesto que tinicamente deben contener dos alelos, se
espera observar dos bandas con una seial de hibridacién equivalente.

Para demostrar nuestra hipdtesis, se cuantificd la dosis de los alelos
Mspl del marcador VAW4(Q9R3. Para esto se utilizaron las autoradiografias
de los analisis tipo Southern que se habian realizado a los individuos de los
siete arboles genealGgicos presentes en la Figura 3. Los resultados de estas
observaciones indican que efectivamente existe un incremento de la dosis de
los alelos Mspl para el marcador VAW409R3 en los individuos afectados con
CMTI1A. Ademais estas diferencias mostraron que se heredaban en forma
mendeliana. Un ejemplo representativo de estas diferencias en la dosis de los
alelos Mspl se observa en la figura 3A del articulo anexo descrito por Lupski
y cols. (73). Como se observa en esta familia, la senal de hibridacién entre los
dos alelos de un mismo individuo heterocigoto no afectado es equivalente (85-
326 y 85-312) y por lo tanto les cormresponde el genotipo AB. Por el contrario
en los individuos heterocigotos afectados con CMT1A, aparentemente con el
genotipo AB, la seiial de hibridacién entre sus dos alelos no es equivalente, y
una de las bandas se observa con el doble de sefial de hibridacién con respecto
a la otra (85-302, 85-303 y 85-304), por lo tanto, los genotipos reales para
estos individuos afectados, 85-302, 85-303 y 85-304, deben ser
respectivamente AAB, ABB y ABB. Si se analizan los genotipos de esta
familia se deduce que el “cromosoma CMTI1A” porta los alelos A y B, y que
ambos se segregan en una forma Mendeliana con respecto a la enfermedad.
Resultados similares se obtuvieron en todas las familias de los siete drboles
genealdgicos.

En la misma Figura (73) se observa también el resultado de una

comparacion por Southern utilizando el marcador VAW409R3, entre
individuos heterocigotos afectados con CMT1A (panel C) y no afectados
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(panel D). Nuevamente, se puede notar la presencia de un alelo extra al
comparar la proporcién de la sefial de hibridacién entre las bandas alélicas de
un mismo individuo con CMTIA. Como se observa en el panel C, los
individuos en los carriles 4-6 tienen el doble de sefial para el alelo B, y por
ende su genotipo es ABB, en tanto que los individuos en los carriles 7 y 8
muestran ¢l doble de sefial para el alelo A y por lo tanto su genotipo es AAB,
La evidencia mds concluyente de la presencia de tres alelos por RFLP, en
pacientes con CMTI1A, se observa en los individuos de los camiles 1 al 3 del
panel C, los cuales tienen tres alelos polimdrficos diferentes y ademas
equivalentes en su sefial de hibridacién, y por ende les corresponde el
genotipo ABC (este tercer alelo C, es raro em la poblacién y nicamente
se detecté en 3 de 131 pacientes con CMT1A).

Para corroborar que los individuos con CMTLA presentan un alelo
extra, se cuantificd de acuerdo con la metodologia, la seiial en las bandas de
hibridacién de 76 individuos afectados heterocigotos para el marcador
VAW409R3. Los resultados de este andlisis indicaron que todos estos
individuos afectados tenian cuantitativamente tres copias del locus D17S8122.
Por el contrario, en ninguno de 63 individuos no afectados heterocigotos para
este marcadaor, se observéd una diferencia cuantitativa en la dosis de sus alelos.
Estos resultados demuestran que el genotipo con dos copias alélicas en una de
las dos bandas de hibridacién de los individuos heterocigotos fué especifico
para pacientes con CMTIA, y por lo tanto confirman que existe una
duplicacién del locus D175122 en individuos afectados con CMT1A.

V. Demostracion de la duplicacion del locus D17S122 mediante
el use de marcadores (GT)n.

Con el marcador pRMI11-GT se analizd el resto de los arboles
genealégicos presentados en la Figura 3: cinco de ascendencia Acadio-Francés
(HOU1, HOU2, HOU42, HOU85 y HOU89) y uno de ascendencia Judio
Ashkenazic (HOU76) (73). En la Figura 13 se muestran los alelos
correspondientes a cuatro familias de los 4rboles genealdgicos HOUSS,
HOUI, HOU88 y HOU76. Como se abserva en la figura, trece de quince
individuos afectados con CMTI1A tienen tres alelos (GT)n (por ejemplo,
individuos 88-340 y 76-352), mientras que todos los individuos no afectados
son ya sea homocigotos o heterocigotos para el marcador RM11-GT. Esta
indica que existe una asociacidn entre la presencia de tres alelos detectados
aqui por la secuencia (GT)n y la enfermedad de CMT1A. Los dos individuos
afectados que no se les observa tres alelos (GT)n (88-339, 88-380) se debe a
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Figura 13. Deteccion de tres alelos (GT)n en pacientes con CMTIA utilizando
¢l marcador RM11-GT.

Los genotipos (GT)n se obtuvicron por PCR como se describié en MATERIALES y
METODOS | y se indican debajo da cada individuo. La linea diagonal en ¢l genotipo se utiliz§
para separar ¢n cada familia, ¢l par de alelos que scgrega con ¢l CMTLA. Las bandas de menor
tamanio y menos intensas que las bandas principales de los alelos, son invariablemente
obscrvadas en los polimorfismos de secuencias repetidas (72); sin embargo, no cvitan el leer
los genotipos sin ambigiiedad. A y B son mucstras de familias en donde todos 1os individuos
afectados presentan tres atelos. C representa una familia en donde se puede ohservar a dos
individuos afectados con Unicamente dos alelos (88-339 y 88-380), debido a que los padres
comparten alelos del mismo tamafio. D representa una familia de origen Judio Ashkenazic,
donde también sc observa la herencia de wres alelos en pacientes con CMT1A. A diferencia de
las otras tres familias quc son de ongen Acadio-Francés (73).
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Figura 13. Deteccién de tres alelos (GT)n en pacientes con CMTIA utilizando
el marcador pRM11-GT.
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que heredaron de sus padres dos alelos del mismo tamafio (alelo E) los cuales
migran en ja misma posicion y se observan como un solo alelo E (Figura 13
(). Estos resultados indican que pacientes con CMT1A tienen tres copias del
locus D175122 lo cual demuestra que existe una duplicacién de este locus en
pacientes con CMT1A.

Los resultados de los genotipos (GT)n de todos los individuos de los
arboles genealdgicos se muestran en las Figuras 14 A, B, C, D y E. Del
anilisis de estos resultados se deducen cinco conclusiones importantes. (a) En
todas las familias existe una perfecta concordancia en la segregacién
Mendeliana de los alelos (GT)n. (b} Unicamente en los individuos afectados
con CMTI1A se observan tres alelos (GT)n, lo cual nunca se observé en 84
individuos no afectados con la enfermedad (53 descendientes y 31 conyuges).
Sin embargo, el nimero de alelos evidentes en los individuos afectados
dependié del nimero de alelos distinguibles en sus padres. Asi entonces,
cuando se distinguen los cuatro cromosomas de los padres (por ejemplo, los
padres: 1-49, padre no afectado con genotipo FG, y 1-9, madre afectada con
genotipo ABC) se pueden abservar los tres alelos en los individuos afectados
(1-153 y 1-37 ticnen alelos ABG; 1-38 tienen alelos ABE). (¢) En cada arbol
genealdgico, se puede identificar un par de alelos que se segrega con la
enfermedad (alelos A y B en HOUI; alelos A y E en HOU2, HOU42 y
HOUBS; alelos B y E en HOU76; vy alelos Cy D en HOUS85 y HOU89). Esta
segregacion no independiente (ligada) de dos alelos indica que el segmento
duplicado se encuentra muy cercano a su sitio de origen en el mismo
cromosoma, es decir que a través de los drboles genealdgicos se segrega un
“cromosoma CMT1A”", el cual basado en los resultados, debe portar dos copias
del locus D17S122. (d) La transmision de la duplicacidon es sumamente
especifica. Si tomamos en cuenta todos las familias donde las meiosis son
informativas, se observan 45 casos donde ¢l padre afectado transmite la
duplicacién (dos alelos) a los descendientes afectados y 18 casos donde el padre
afectado transmitid tinicamente un alelo a sus descendientes no afectados con
CMTIA. En estos apareamientos, ninguno de los descendientes no afectadas
recibid el segmento duplicado y ninguno de los descendientes afectados recibid
un alelo unico del padre afectado. Esto es, en 63 meicsis informativas, la
duplicacién se transmitié correctamente a la descendencia afectada y sin
recombinacion con el cromosoma normal. Y finalmente (e), esta mutacién de
duplicacion ocurre en dos poblaciones con CMT1A de diferente origen étnico.
Estos resultados demuestran completamente que existe una duplicacién de
DNA del locus D175122 asociada con la enfermedad de CMT1A (73).
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Figuras 14 A, B, C, D y E. Genotipos (GI)n del locus D175S122 de los
drboles genealagicos segregando la enfermedad autosémica domimnante
CMTIA.,

Los 4rboles genealégicos HOU1, HQU2 , HOU42, HOUS8S, HOU88, y HOUS9, son de
origen Acadio-Francés, mientras que ¢l HOU76 es de origen Judio Ashkenazic, Se utilizan
simbolos estandar; con los individuos afectados representados en negro. Los nimeros
corresponden a la identificacién del laboratorio, y €l genotipo (GT)n de cada individuo se
indica debajo de su respectivo simbolo. Los genatipos (GT)n se chtuvieron por PCR coma
descrito en los métodas, y se les designé de acuerdo a su tamafio en pares de bases: A= 165,
B=163, C=161, D=159, E=157, F=155 y G=153. Los individuus donde se observé
dnicamente una banda se registraron como portadores de dos copias de un mismo alelo. Las
genotipos para cada individuo se leyeron de las autorradiografias sin conocer su estatus con
respecta a la enfermedad, y s¢ confirmaron independientemente por otros das investigadores.
Con excepcidn de los individuos: 1-45, 1-46, 1-47, 1-72, 1-73 y 1-74, a todos se les
determing la VCN. Note que hay una familia en donde ambos padres estdn afectados con
CMTI1A: 42-331, 42-332 y 42-333. En cada 4rbol genealdgico se puede distinguir un par de
alelos que se segrega con la enfermedad; A y E en HOU2, HOU4Z, y HOUSS; A y B ¢n
HOU1; Cy D en HOU8S5 y HOUS89; y con alelos B y E en HOU76 (73).
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Figura 14 A . Genotipas (GT)n para el marcador pRM11-GT en ¢l drbol genealégico HOUI,
donde 1a enfermedad segrega con los alelos A y B (73).
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Figura 14 B. Genotipus (GT)n para el marcador pRM11-GT en el drbol genealégico HOUZ,
donde Ia enfermedad segrega con los alelos A y B (73).
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Figura 14 C. Genotipos (GT)n para el marcador pRM11-GT en el drbol genealdgico HOU42,
donde la enfermedad segrega con los alelos A y E, Note que hay una farmilia en donde ambos
padres estin afectados con CMT1A: 42-331, 42-332 y 42-333 (73).
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Figura 14 D. Genotipos (GT)n para el marcador pRMI11-GT en los érboles genealfgicos
HOU76 y HOUSS, donde la enfermedad segrega con los alelos B y E, y C y D, respectivamente

(73).
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Figura 14 E. Genotipos (GT)n para el marcador pRM11-GT en los drbol genealdgico HOUSS y
HOUSY, donde la enfermedad segrega con los alelos A y E, y C y D, respectivamente (73).
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Ademas seguimos otra estrategia combinando 1os polimorfismos del marcador
(GT)n pRM11-GT y RFLP, para demostrar la presencia de un alelo extra en
las bandas alélicas con una sefial doble de hibridacién en individuos
heterocigotos con CMTIA,

VI. La duplicacion de DNA es una mutacién ¢comun en pacientes
con CMT1.

Con el propdsito de determinar si la duplicacién de DNA es un
mecanismo general asociado con la enfermedad de CMT1A, y no especifica
para los arboles genealdgicos analizados, se analizé con ¢l marcador pRM11-
GT pacientes con un fenotipo equivalente a CMT]1 los cuales tenian diferentes
origenes familiares. Varios de estos pacientes mostraron tres alelos (GT)n, y
en la mayoria de aquellos que mostraron dos alelos (GT)n se pudo observar
una mayor intensidad en uno de sus dos alelos (resultados no mostrados). Estos
resultados indican que la duplicacién de DNA es una mutacién comdn asociada
con ¢l CMT1.

VII. Los alelos RFLP Mspl con una sefial doble de hibridacion en
los pacientes con CMTI1A tienen des alelos (GT)n.

El propdsito de este experimento fué demostrar, utilizando €l marcador
pPRM11-GT, que las bandas alélicas Mspf con una sefial doble de hibndacidn
efectivamente contienen dos alelos. Como se menciond, el marcador pRM11-
GT corresponde a un fragmento Haelll de 250 pb que se aisld del marcador
VAW40R1; esto significa que cada alelo Msp/ identificado por el marcador
VAWA409R1 debe de contener un alelo (GT)n correspondiente al marcador
pRM11-GT. De acuerdo con €sto, en un individuo con CMT1A heterocigoto
para ¢l marcador VAWA409R], la banda de su alelo Mspl que muestra una
seiial doble de hibridacidn debe de contener dos alelos {GT)n, y la banda de su
alelo Msp! con una seiial sencilla debe de contener un alelo (GT)n.

Tal y como se describié en METODOS, se obtuvieron los fragmentos de
DNA correspondientes a las bandas de los alelos Mspl de diferentes individuos
heterocigotos de una familia del 4rbol genealdgico HOU42, detectadas con el
marcador VAW409R1, y se sometieron a una reaccion de PCR para
determinar el nimero de alelos (GT)n utilizando el marcador RM11-GT.

En la Figura 15A se muestra la familia utilizada en este experimento, asi
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como sus carrespondientes alelos Mspl detectados por Southern con el
marcador VAW4(9R1. Como se puede apreciar los individuos afectados (42-
218 y 42-225) tienen el alelo A con una sedal doble de hibridacidn (dos
copias) con relacidn al alelo A de los individuos no afectados (42-289 y 42-
219), mientras que ¢l alelo B en los cuatra familiares se¢ observan con una
sefial de hibridacién similar (una copia). Al DNA de cada uno de estos alelos
Mspl, se le determind por PCR el nimero de alelos (GT)n utilizando el
marcador pRM11-GT.

En la figura 15B se muestra el resuvltado de la determinacién del
ndmero de alelos (GT)n para cada uno de los alelos Msp!, asi como del DNA
gendmico total de cada uno de los individuos. Como se observa en la figura,
en los carriles 218, 289, 225 y 219 se observan los alelos (GT)n obtenidos al
utilizar el DNA gendmico de estos individuos a los cuales les corresponde
respectivamente los genotpios ABE, BE, ACE y CE (estos genotipos son
exactamente igules a los resultados obtenidos previamente y mostrados en la
Figura 17C). En el segundo y octavo carril se observa que los alelos A de los
pacientes afectados (42-218 y 42-225) que tenian una seiial doble de
hibridacidn, tienen dos alelos (GT)n (218-A y 225-A); en tanto que el resto de
los alelos A y B, con una sefial sencilla de hibridacién, tienen unicamente un
alelo (GT)n. Si se comparan los alelos (GT)n que se gbtuvieron de las
diferentes bandas alélicas (carriles A y B) con las presentes en sus respectivos
DNA gendémicos, se puede observar una perfecta concordancia entre ellas.

Estos resultados demuestran que efectivamente las bandas de los alelos
Mspl con doble seiial de hibridacién, caracteristico de los individuos
heterocigotos afectados con CMTIA, conticnen dos alelos (73); y ademés
indican que este tipo caracteristico de RFLP es un procedimiento confiable
para determinar cuales otros marcadores genéticos estan duplicados en los
pacientes con CMT 1 A.

VIII.El tamario de la duplicacién es al menos de 100 kb.

Tomando en cuenta ¢l caracteristico RFLP que se abserva en los
individuos afectados con CMTI1A, heterocigotos para un marcador de la
region duplicada, se analizaron las autorradiografias de los RFLP
correspondientes a diversos marcadores genéticos de la regién 17pl1.2-12
(resultados ya preexistentes en el laboratorio}, ¥y se encontrd que los
individuos con CMTI1A, heterocigotos para los marcadores VAW412 y
VAW401, tenfan una banda alélica con una sefial doble de hibridacién (73)
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Fipura 15. Demostracién de que en alelos polimdrficos Mspl del Locus
D175122 con doble seiial de hibridacidn, hay dos aleles (GT)n.

A, andlisis tipo Southern utilizando el DNA genémico de una familia del 4cbol HOUA42Z,
digerido con la enzima Mspl e hibridado ¢ontra un fragmento de restriccion Mapl de 5.3 Kb del
marcador VAW409R1 (locus D175122). El genatipo de cada individuo se obtuvo tomando en
cuenta la dosis de cada alelo. Note que los indivings afectados 42-218 y 42-225 tienen dos
copias del alelo A y una del alelo B. El examen de la herencia de los alelos de este drbol
genealdgico, indicé que la enfermedad se segrega con los alelos A y B. En este polimorfisma el
alelo A es cortado en dos bandas (alelo B) las cuales son reconocidas por la sonda radiactiva

B, alelos (GT)n presentes en cada uno de las bandas alélicas de cada individuo del panel A. El
DNA correspondiente a cada una de las bandas alélicas polimérficas Mspl se purificé de un gel
de agarosa similar al utilizado en el panel A y se le determiné por PCR el nimerc de alelos
(GT)n. En los carriles 218, 289, 225 y 219 se observan 10s alelos (GT)n que se obtuvieron
utilizando directamente su DNA gendmico, y en los carriles marcadas con A y B, se observan
los alelas (GT)n correspondientes a cada una de sus dos bandas alélicas polimérficas Mspl.
Note que el alelo A de los individuos 42-218 y 42-225, el cual estd presente con una seaal
doble de hibridacién, tiene dos alelos (GT)n, mientras que el resto de los alelos presentes en
una sola copia presentan ua solo akelo (GT)n (73).
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(datos no mostrados). Es decir que estos marcadores también forman parte
integral del segmento duplicado en los individuos con CMT1A. Cabe sefalar
que la duplicacidn detectada por RFLP con estos marcadores se abservé
también en los pacientes con CMTIA de origen judio. Puesto que los
marcadores VAW409, YAW412 y EW4(1 estdn duplicados en pacientes con
CMTI1A, y tomando en cuenta que provienen de clonas de fagos aisladas
independientemente, que portan un inserto de genoma humano de
aproximadamente 40 kb y que no muestran traslape entre si, se deduce que el
tamafio de la duplicacion es al menos de 100 kb. Esta deduccidn dié pauta al
hecho de utilizar la hibridacidn in situ. para detectar la duplicacién, ya que el
tamaiio de la duplicacién s¢ encontraba dentro de los limites de resolucidn de
este procedimiento.

Los experimentos mencionados anteriormente demuestran la presencia
de un alelo extra en los pacientes con CMT1 A, sin embargo no indican si el
segmento duplicado se encuentra en el mismo cromosoma. Con el propésito de
dilucidar esta cuestion se realizd el siguiente experimento.

IX. Demostracion de Ia herencia de un “cromosoma CMT1A”.

En cada arbol genealdgico se puede identificar un par de alelos (GT)n
que se segrega con la enfermedad (Figuras 14 A-E). Esta segregacién ligada
de dos alelos sugicre que a través de los drboles genealégicos se segrega con la
enfermedad un “cromosoma CMTIA”, es decir un cromosoma con la
duplicacién. Si tomamos como gjemplo €l drbol genealégico HOU42 (Figura
14C) podemos deducir que se esti segregando un cromosoma CMT1A con los
alelos A y E. Para demostrar experimentalmente esta hipdtesis, decidimos
separar los cromosomas homdlogos 17 del individuo 42-332 en hibridos de
¢élulas somdticas y determinar en cada uno de ellos los alelos (GT)n que
contienen. Si postulamos que los alelos (GT)n que se segregan con la
enfermedad en el drbol genealdgica HOU42 son A y E, y que el genotipo del
individuo 42-332 es ABE, esperamos que un cromosoma 17 porte el alelo B y
que su homdlogo, en este caso ¢l “cromosoma CMT1A” porte los alelos A y E.
El resultado de este experimento se observa en la Figura 16.

Tal y como se describié en METQODQOS, se obtuvieron Yos hibridos
celulares, y se utilizd el marcador OS1-BGT para identificar dos hibridos
celulares que contuvieran por separado cada umo de los dos cromosomas
homélogos 17. El resultado se muestra en los tres primeros carriles del panel
B de la Figura 20, En el primer carril {332) se observan los alelos (GT)n que
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se obtuvieron al utilizar el DNA gerémico de este individuo como templado, y
como se aprecia el individuo es heterocigoto para este marcador ya que tiene
dos alelos (GT)n, designados arbitrariamente A y B. En otras palabras, el
individuo 332 posee un cromosoma 17 con el alelo A y su atro cromosoma 17
porta el alelo B. En los siguientes dos carriles (a y b), se encuentran los
productos de amplificacién que corresponden a dos hibridos celulares que se
derivaron de este indiviudo. Como se puede observar el hibrido celular del
carril a retuvo el cromosoma 17 con el alelo A y el hibrido celular del carril
b retuvo el cromosoma 17 con el alelg B. Esto demuestra que efectivamente se
logr6 separar los cromosomas homdlogos 17 del individuo 332,

Una vez que se demostré la separacién de los cromosomas homélogos
17 del individuo 332 en hibridos celulares se pracedié a determinar cuales
alelos (GT)n, para el marcador pRM11-GT, contenian cada uno de ellos. En la
figura 16A se muestra el resultado de este apdlisis. En el carril 332
cartespondiente al DNA genémico se observa que este individuo afectado
posee tres alelos (GT)n: A, B y E (tal y como se habfa determinado
anteriormente en la Figura 14C). En los siguientes dos carriles (a y b) se
encuentra el resultada de los dos hibridos celulares. Como se puede observar
uno de ellos (carril a) porta el alelo B, mientras que el otro hibride (carril b)
porta los alelos A y E. Esto indica que el individuo afectado con CMTI1A
hered un cromosama 17 con la duplicacidn portando los alelos A y E. Este
resultado estd acorde con la segregacién ligada de los alelos A y E con la
enfermedad en ¢l arbol genealégico HOU4Z, y confirma nuestra hipdtesis de la
segregacion de la enfermedad con un cromosoma portando una duplicacién
(“cromosoma CMT1A") en los diferentes arboles genealdgicos (73).

Este mismo experimento se realizdé para el drbol genealdgico HOU!
utilizando el individuo afectado 1-14, en donde se pudo demostrar que uno de
sus dos cromosomas homologos 17 separados en hibridos celulares portaba los
alelos (GT)n A y B para el marcador pRMI1I-GT. Lo cual es congruente con
la segregacion de ua “cromosoma CMTIA” con los alelos A y B en los
individuos afectados de este drbol genealdgico (datos no mostrados).

Los resultados hasta aquf obtenidos, aun y cuando concluyen que existe
una perfecta correlacién entre una duplicacidn de DNA y la enfermedad de
CMTI1A, no demuestran si la duplicacion es responsable de la aparicién del
fenotipo. Con el propésito de obtener una evidencia que indicara una relacién
entre ¢l genotipo y el fenotipo, se determing si un individuo con un fenotipo
de CMT1A muy severo era homocigoto para la duplicaciéon de DNA, es decir
si portaba dos “cromosomas CMTLA”.
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Figura 16. Demostracion de un individluo homocigoto para el CMTIA, por
analisis de (GT)n de sus dos cromosomas homdlogos separados en hibridas de
células somiticas.

A los individuos 42-332 y 42-333, hijos de un matrimonio entre dos personas afectadas con
CMT, y a su madre afectada (42-331), se les separaron sus cromosomas 17 homdlogos en
hibridos de células somdticas, tal y como se describié en METODOS. Lisados de los hibridas
seleccionados se sometieron a otra reaccién de PCR para determinar cl nimero de alelos (GT)n
del locus D17S122. En el panel A se muestran los resultados de este andlisis, en donde los
carriles 332, 333 y 331 carresponden a los alelos (GT)n presentes en estos individuos, y en los
carriles con las letras a y b se encuentran los productos de amplificacién correspondientes a los
cromosornas 17 homélogos separados en los hibridos de células somdticas. En ¢l panel B se
muestran los productos de amplificacién del marcador OS1-BGT de los individuos 42-332 y
42-333, vy sus correspondientes hibridos, en donde s¢ muestra ¢l éxito en la separacidn de las
cromosomas 17 homélagos. La enfermedad segrega con los alelos (GT)n A y E en las familias
de ambos padres del individuo 42-333, quien como sc¢ observa cn el pancl A, es homacigoto
para los cromosomas que contienen la duplicacidn, Los simbolos en la familia reflejan el
genotipo con respecto a los alelos de la enfermedad.
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Figura 16. Demostracién de un individuo homocigoto para el CMTIA, por

anilisis de (GT)n de sus dos cromosomas homodlogos separados en hibridos de
células somaiticas.
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X. Correlacién entre fenotipo y genotipo: un individuo
severamente afectado con CMTI1A es homocigoto para la
duplicacion.

En la literatura se encuentra descrito el caso de un individuo con un
fenotipo clinico severo de CMTI1A, descendiente de un matrimonio entre
primos hermanos, ambos afectados con CMT1A. El fenotipo de este individuo
se habia propuesto que era el resultado de la expresién homocigota de un gen
dominante para CMT1A (30). Sin embargo, dado que en aquel entonces se
desconocfan las bases moleculares de la enfermedad no fué posible
demostrarlo.

En los arboles genealdgicos descritos en este trabajo, se puede observar
que en una familia del &rbol HOU42 (Figura 3A) hay un matrimonio entre dos
individuos afectados con dos descendientes afectados. Una de sus dos hijos (42-
333) tiene un fenotipo clinico severo de CMTIA, incluyendo una aparicion
temprana de los sintomas (< 1 afio) y una VCN marcadamente reducida (< 10
m/s, vs. 20-40 m/s en individuos afectados y >60 m/s en individuos no
afectados). Nuevamente surgi la hipdtesis de que el individuo 42-333 podria
ser homocigoto para el CMTI1A, y por lo tanto deberia preseatar una
duplicacidn en cada uno de sus cromosomés 17 (o sea, dos copias del locus
D17S5122 por cromosoma).

Si se analiza la segregacidn de los alelos (GT)n en el arbol genealdgico
HOU42 (Figura 17C), se observa que en las familias de ambos padres del
individuo 42-333, los alelos A y E estdn segregando con la enfermedad de
CMTIA (esto indica que el genotipo del “cromosoma CMTI1A”, en ambos
padres debe ser AE). Esto estd congruente con el genotipa AE de la madre
(42-331), aunque desafortunadamente como el padre ya habia fallecido, no se
pudo determinar su genotipo. Sin embargo, tomando en cuenta que el genotipo
de su hija (42-332) es ABE, y que la madre no posee ningun alelo B, se deduce
que el genotipo del padre deberia ser ABE. Por lo tanto, puesto que el
genotipo del individuo en cuestidn (42-333) es AE, se deduce que ha heredado
dos “cromosomas CMT1A”, siendo homocigoto para la duplicacida. Cabe
recalcar que su hermana (42-332), por tener ¢l genotipo ABE, ha heredado
Unicamente un cromosoma con la duplicacién y por ello tiene un fenotipo
menos Severo.

Para confirmar la observacién de que el individuo 42-333 posee dos

cromosomas CMTI1A, cada uno con dos alelos (GT)n, A y E, se siguid la
misma estrategia del experimento anterior de separar sus cromosomas
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homologos 17 en hibridos de células sométicas, y determinar a cada uno de
ellos los alelos (GT)n que contienen. Ademds se incluyeron en este
experimento tanto células de su madre (42-331) como de su hermana (42-
332), que también estan afectadas.

Una vez obtenidos los hibridos celulares se utilizé el marcador OS1-
BGT para identificar dos hibridas celulares de cada persona que llevasen por
separado cada uno de los dos cromosomas homologos 17 (Figura 16B). El
DNA de estos hibridos celulares, se analizd por PCR con el marcador
polimérfico pRM11-GT, para determinar el nimero de alelos (GT)n por
cromosoma. En la Figura 16A se muestra el resultado de este andlisis. Como
se observa, el individuo 42-332 tiene un cromosoma con el alelo B y otro
cromosoma con los alelos A y E, lo cual es congruente con su genotipo ABE
(primer carril); el individuo 42-331 tene un cromosoma con el alelo E y otro
cromosoma con los alelos A y E, de aqui que su genotipa se observe
dnicamente como AE (séptimo carril); y el individuo 42-333 tiene dos
cromosomas, cada uno con los dos alelos del mismo tamafio, A y E, por lo que
su genotipo se obscrva simplemente como AE (cuarto carril). En resumen, los
individuos 42-331 y 42-332 son heteracigatos para €l cromosoma portando la
duplicacion, mientras que el individuo 42-333 es homocigoto para la
duplicacién, con cada uno de sus dos cromosomas homélogos conteniendo dos
copias del locus D178122 (73). Estos resultados apoyan la hipétesis de que la
duplicacién es la responsable del fenotipo clinico de la enfermedad de
CMTI1A, y que el CMT1A es una mutacién semidominante ya que la
homocigosidad para la duplicacion resulta en un fenotipo clinico mas severo.

X1, [Identificacion de un nueve marcador genético para la
duplicacion de DNA en pacientes con CMTI1A.

Los marcadares genéticos tipo RFLP que detectaron la duplicacidn
(VAWA409R3, VAW409R]1, YAW412 y EW40l) corresponden a marcadores
genéticos que ya habian sido descritos en la literatura. Con la finalidad de
determinar el arca duplicada en los pacientes con CMTIA se inicid el
aislamiento de YAC (cromosomas artficiales de levadura), los cuales pueden
portar insertos de DNA hasta de 1000 kb. Utilizando los oligonucledtidos del
marcador pRM11-GT se aisld un YAC, y de uno de los extremos del inserto se
anplificé por PCR un fragmento de 500 bp. A su vez, utilizando este
fragmento como sonda se aisld un césmido €l cual fué designado como ¢O8H4.
Puesto que los fragmentos genémicos de DNA humano se clonaron en el sitio
EcoRI del cosmido, éste se digirid con la enzima EcoRl para separar el

63



inserto. La digestién produjo al menos 8 fragmentos de 8.5, 7.5, 6.5, 4.8, 2.5,
2, 1.8 y 1.3 kb, y varios fragmentos de menor tamafio. Los cinco fragmentos
de mayor tamaiio se purificaron independientemente de un gel de agarosa, y s
utilizaron para buscar RFLP de las enzimas Bglil, Taql y Mspl, mediante
hibridaciones tipo Southern, en los individuos de los drboles genealégicos
segregando la enfermedad de CMTI1A. El fragmento EcoRI de 7.5kb
denominado cO8H4-R2 detectd un RFLP para la enzima Tagl compuesto por
dos diferentes alelos Taql de 2.2 y 2.1 kb designados como alelos A y B,
respectivamente. En la Figura 17 se presenta un resultado representativo de
este experimento y como se observa, los tres individuos afectados con
CMT1A, heterocigotos para este marcador, muestran el caracteristico RFLP
de los individuos con CMT1A: un alelo en doble dosis con respecto al otra. De
estos resultados se deduce que uno de los extremos del YAC contiene DNA
que se localiza en la regidn duplicada. De acuerdo con esto se podria utilizar el
fragmento de 500 pb anteriormente mencionado para aislar un nuevo YAC y
aplicar la misma estratcgia para determinar hasta donde se extiende la regién
duplicada.

XII. Diagnostico molecular del CMTIA con el marcador pRM11-
GT.

Tante el hecho de que existe una perfecta correlaciéon entre la
enfermedad de CMT1A y la presencia de tres alelos, asi como la observacion
de que el individuo homocigoto estaba severamente afectado, indican que en
los individuos con CMTIA la duplicacién del locus D178122 es la
caracteristica mas definida y asociada con la enfermedad. Por lo tanto, la
deteccion de la duplicacidn se puede considerar como un medio de diagndstico
de la enfermedad de CMT1A. Con este propdsito, se evalud ¢l potencial del
marcador pRM11-GT, como una herramienta para el diagndstico del CMTI1A.
Para este estudio, a treinta y tres individuos con fenotipo clfnicamente de
CMT1 se les determiné el nimero de alelos (GT)n utilizando el marcador
pRM11-GT. Cabe seiialar que estos individuos no forman parte de los arboles
genealdgicos descritos anteriormente, ni son familiares entre si, Los resultados
se muestran en la Figura 18, y como se observa, 11 de los 33 pacientes tienen
tres alelos (GT)n. Esto significa que la probabilidad de detectar la duplicacidn
con el marcador pRMI11-GT es de umn 33%. Cabe sefialar que
aproximadamente la mitad de estos individuos, incluyendo sus padres (oo
mostrados en la Figura 18), se habian analizado previamente para llevar a
cabo el experimento de la seccidén VL
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Figura 17, Identificacién de un nuevo marcador para la region duplicada de los
pacientes con CMTIA.

Andlisis tipo Southern del DNA genémico de una familia representativa del drbol geneal6gico
HOUSS5. El DNA se digirié con Tagl y se hibridd con la sonda cO8H4-R2. Note la diferencia
caracterfstica que existe entre los dos alelos de individuos con CMT1A (sfmbolos negros)
versus individuos no afectados.
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Figura 18. Diagnéstico molecular del CMT1A utilizando el marcador pRM11-
GT.

En este estudio se analizaron treinta y tres individuos que no tenian nexos familiares entre si y
que se diagnosticaron clinicamente como afectados con CMT1. A cada uno de ellos se le
determiné por PCR el niimero de alelos (GT)n utilizando los oligonucleétidos para el marcador
pRM11-GT. Con asteriscos se indican aquellos individuos que mostraron tres alelos (GT)n, y
que por lo tanto son diagnosticados genéticamente como CMT1A.
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DISCUSION

En el presente trabajo se demostré que la enfermedad de CMT1A se
asocia con una duplicacién de DNA. Esta duplicacién se detectd con un total de
tres marcadores polimorficos del locus D175122 (VAW409R3, VAW409R1, y
RM11-GT). Con cada uno de ellos se observé una perfecta correlacion entre el
genotipo de la duplicacién y el fenotipo de la enfermedad CMTI1A, Anilisis
por RFLP usando los marcadores VAW412R3 (D17S125) y VAW4(1
(D17S61) (86), indican que estos también estdn duplicados en pacientes con
CMTI1A.

No existen precedentes para el hallazgo de una mutacién por duplicacion
de DNA asociada con una enfermedad hereditaria autosémica dominante en
miltiples familias. Varias lineas de evidencia sugieren que la duplicacién es
responsable del fenotipo de CMT1A. Primero, la mutacién de duplicacién se
observé 1nicamente en pacientes con CMTI1A. Segundo, la duplicacion se
demostré en pacientes con CMT1A de diferente origen, Acadio-Francés y
Judio Ashkenazic. Tercero, un individuo severamente afectado, descendiente
de un matrimonio entre dos individuos afectados, es homocigoto para la
duplicacién (73).

Se desconoce el mecanismo por el cual la duplicacién da como resultado
el fenotipo de CMTI1A. Algunos mecanismos posibles son: primero, una
sobreexpresion de algun(os) gen(es) en la region duplicada; segundo, si la
duplicacidn se origina en la parte interna de un gen puede inhibir Ia expresién
del mismo o expresar un producto génico alterado con un efecto dominante
deletereo; tercero, la duplicacién puede cambiar la posicién fisica de un gen y
ocasionar que se altere la regulacién de su expresion.

Un posible gen candidato del CMT1A era el gen para la subunidad [ del
receptor muscular de la acetilcolina, localizado en la regién 17p11.2-p12 (87).
Este gen juega un papel muy importante en la transduccién de la sefial a nivel
de la unién neuromuscular (88). Nos propusimos determinar si este gen se
encontraba en la regién duplicada. Puesto que la demostracién mais
concluyente de la presencia de una duplicacion fué mediante el uso de un
marcador genético (GT)n (pRM11-GT), se decidié obtener un marcador
similar para este gen. Para lo cual utilizando como sonda radiactiva el DNA
complementario al RNA mensajero de este gen se aislé un césmido y de éste se
cloné una repeticién (GT)n. De acuerdo con la secuencia nucleotidica se
determind que esta secuencia repetida estaba incluida en el primer intrén del
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gen. Afortunadamente este marcador (OS1-BGT) resulté mds polimérfico que
el pRMI11-GT (se detectaron hasta 14 diferentes alelos en xinicamente 17
individuos), sin embargo al analizar los individuos de los drboles genealdgicos
no se detecté la presencia de tres alelos caracteristico de un marcador en la
regién duplicada asociada con el CMT1A. Claro que este experimento no
descarta la posibilidad de que la duplicacidn se origine en otra parte del gen.
Por otro lado, una evidencia que excluye este gen como un posible candidato,
es que de acuerdo con nuestros resultados acerca de la posicidn de este gen,
demostramos que no se localiza en la regién 17p11.2-pl2 como se habia
descrito (87); su ubicaci6n real es en la banda 17pl3 (58), la cual esta
considerablemente muy alejada de la regidn involucrada en la duplicacion. La
importancia de este experimento, ademas de eliminar este gea como un posible
candidato, es que se identificé dentro de el un marcador genético (GT)n
sumamente polimoérfico, el cual se puede utilizar en estudios moleculares o
estudios de ligamiento genético de este gen con respecto a atras enfermedades
donde se sospeche que sea el gen responsable (88).

Se desconoce también el mecanismo de origen de la mutacién que
conduce a la duplicacién, Se han descrito mutaciones de novo, camo
deleciones y duplicaciones, en la regidén proximal del brazo corto del
cromosoma 17 (89-91), Es posible que los mismos mecanismos de
recombinacién que originan una delecién de un cromosoma pueden ocasionar
una duplicacién en su cromasoma homologo. Estudios recientes acerca de
duplicaciones en Escherichia celi y humanos, han demostrado que las
duplicaciones ccumren en regiones que contienen secuencias repetidas, por
ejemplo las secuencias REP en bacterias (92) y las secuencias Alu en €l
humano (93,94). Otro cjemplo de duplicacién cromosdmica ocurre en el locus
Bar de Drosophila melanogaster (93). Esta mutacion es semidominante y
frecuentemente se asocia con una duplicacidn en tandem de las bandas
cromosémicas 16A1-A7 (96). Analisis moleculares recicntes sugieren que
existe un elemento transposon (B104) en l1a unién de la duplicacién, por lo que
se propuso que este transposén estd involucrado en la produccién de la
duplicacién. Basados en el andlisis de la secuencia de DNA del elementoc B104
que se encuentra en las uniones de la duplicacién, se propuso como modelo
que la duplicacidn se¢ genera por un evento de recombinacidn entre dos
elementos B104, localizados uno en la banda 16 Al y el otro en 16 A7 (97).
Un andlisis detallado de la regidn duplicada en pacientes con CMT1A de
diferente origen €tnico, especialmente a nivel de las uniones, podria dilucidar
el mecanismo responsable de la generacién de esta duplicacion (73).

Existen dos posibles modelos animales para el CMT los cuales
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corresponden a los ratones mutantes designados como “trembler” (tr, el cual
es dominante) (98) y trembler-J (trJ, el cual es semidominante) (99). Estos
ratones presentan una neuropatia desmielinizante con un decremento en la
VCN similar al observado en el CMT1; ademas, su mutacién se localiza en el
cromosoma 11 el cual es el homélogo del cromosoma 17 en el humano. Las
bases moleculares del CMT1A se podran delucidar mas claramente al definir y
caracterizar los limites de la regién duplicada mediante el aislamiento de
clonas genémicas humanas que se sobrepongan, asi como al identificar genes
que se localizen en esta region duplicada.

Ofra cuestién interesante es si la duplicacién ocurrié dentro del mismo
cromosoma, o si el segmento duplicado proviene de su cromosoma homologo
por un evento de recombinacién. El hecho de que en todos los arboles
genealdgicos analizados los dos alelos (GT)n en el “cromosoma CMT1A” (es
decir los dos alelos ligados que se segregan con la enfermedad) sean
diferentes, apoyan la hipdtesis de que el segmento duplicado se haya originado
del cromosoma homologo.

Otro punto importante de discutir es el hecho de haber detectado la
duplicacién en pacientes con CMT1A de dos origenes diferentes: Acadio-
Francés y Judio-Ashkenazic, ademas de varios individuos con CMTI1A de
diferente ascendencia, sin nexos familiares entre si, Esto sugiere que el evento
de la mutacién de duplicacién sea un mecanismo inherente a esta enfermedad,
es decir independiente del origen de los individuos.

I.  Implicaciones en el diagnostico molecular del CMTI1A.

Una implicacién sumamente importante de este trabajo es el uso del
marcador RM11-GT para ¢l diagnéstico molecular del CMTI1A, y de
cualquier otro marcador que se localize en la regién duplicada. Como se
demostré en este trabajo existe una perfecta correlacién entre la presencia de
una duplicacién de DNA y la enfermedad de CMT1A. Por esta razén se evalué
el potencial del marcador pRM11-GT, como una herramienta para e¢)
diagnéstico del CMT1A. Desafortunadamente cuando los padres tienen alelos
(GT)n similares no es posible observar tres alelos en los pacientes con
CMTIA, de aqui que unicamente se pudieron diagnosticar el 33% de los 33
pacientes analizados con el marcador pRM11-GT. Puesto que un sdlo
marcador no detecta la duplicacion de cualquier individuo afectado, se puede
combinar ¢l uso de ellos para incrementar el potencial de diagndstico.
Teniendo en cuenta que la presencia de un alelo extra se detecta también por
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RFLP en los individuos heterocigotos, se puede utilizar el polimorfismo Msp!
de los marcadores VAW409R1 y VAW409R3 para detectar la duplicacién.
Resultados preeliminares indican que usando en combinacién los tres
marcadores anteriormente mencionados se incrementd al doble €l porcentaje
de individuos diagnosticados (67%). Sin tomar en cuenta los marcadores
VAW401 y VAW412R3, que también detectan la duplicacién. Un
procedimiento alternativo muy efectivo es el uso de la Hibridacién
Fluorescente in situ , ya que para esto no se requieren polimorfismos (73). El
uso de marcadores genéticos muy polimérficos, como el utilizado en este
estudio, incrementa la posibilidad de detectar trisomias submicroscépicas
parciales que pudiesen ser la alteracion molecular para otras enfermedades
genéticas humanas (73).

II. Consecuencias de la duplicacion en los estudios de ligamiento
genético para la localizacion del gen del CMTI1A.

Diferentes grupos de investigacion, tanto en Estados Unidos como en
Europa, estaban aon enfocados hasta mediados del afio 1991, a la localizacién
del locus del CMT basicamente por estudios de ligamiento genético. El
objetivo de estos estudios es €l de encontrar un marcador genético que se
cosegrege con la enfermedad, es decir que esté ligado a ella. En un estudio de
ligamiento genético, las recombinaciones que ocurran entre la enfermedad y el
marcador, son los datos mas importantes que van a determinar la distancia que
existe entre ellos. Asi por ejemplo, un marcador con 1% de recombinacién
(un evento de recombinacidn por cada 100 meiosis informativas) equivale a
un Centimorgan y esto indica que el marcador se encuentra a una distancia de
un millén de bases nucleotidicas con respecto al locus de la enfermedad.

El nimero de recombinantes entre el marcador VAW409 y el locus del
CMTIA se sabia que era mas frecuente en comparacion con otros marcadores
localizados fuera de la regién duplicada. ;Cémo es posible que un
marcador genético localizado en el locus de la enfermedad, tal y
como es el caso para el marcador VAW409, muestre un mayer
nimero de recombinantes y por ende un menor grado de ligacion
con la enfermedad, con respecto a otros marcadores fuera del
locus de la enfermedad?. Este resultado obviamente es incorrecto, puesto
que el marcador VAW409 forma parte del locus del CMTI1A. Sin embargo, el
hecho de existir una duplicacién, implica la presencia de un alelo extra para
este marcador y da como consecuencia la observacién de falsos recombinantes
(73).
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Figura 19. Observacion de falsos recombinantes debido a la duplicacion.

En esta figura se muestra una familia del drbol geneal6gico HOU85 mostrando la clasificacién
incorrecta de los alelos MspI del marcador VAW409R3. Debajo del simbolo de cada
individuo, se encuentra en orden descendiente primero el nimero de identificacién del
individuo, segundo el genotipo para el marcador VAW409R3 sin tomar en cuenta la dosis de
los alelos, y tercero el genotipo considerando la diferente dosis alélica. La segregacién de los
alelos del marcador demuestra que sin considerar la dosis alélica, el cromosoma CMTI1A del
individuo 85-302 porta el alelo A, en tanto que si se considera la dosis, el cromosoma CMT1A
porta los alelos A y B. Los individuos 85-312, 85-20 y 85-326 aparecen como recombinantes
para el marcador VAW409R3; sin embargo, considerando la dosis alélica, se demuestra que los
recombinantes son debidos a una interpretacién incorrecta (73).
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CONCLUSIONES

La enfermedad de Charcot-Marie-Tooth tipo 1A esta asociada
con una duplicacion de DNA, e involucra al menos los loci
D178122, D178125 y D17S61.

Los marcadores pRM11-GT, VAW409R1, VAW409R3,
VAW412 y EWA401, detectan la duplicacion en individuos
afectados con CMTI1A, y se puden utilizar para el
diagnéstico molecular de la enfermedad de CMTI1A.

El tamano de la region duplicada en pacientes con CMTI1A es
al menos de 100 kb.

La duplicacion origina la aparicion de falsos recombinantes
en estudios de ligamiento genético utilizando RFLP.
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PERSPECTIVAS
I. Desde el punto de vista cientifico.

Esta es la primera vez que se encuentra una duplicacién, como un
mecanismo molecular generalizado responsable de una enfermedad autosémica
dominante. Este hecho se debe tomar en cuenta como un posible mecanismo
para otras enfermedades genéticas humanas.

Diversos grupos de investigacién en Estados Unidos y Europa, habian
dirigido sus esfuerzos para identificar el gen responsable de producir la
enfermedad de CMT1A mediante estudios de ligamiento genético. Este tipo de
estudios son bastante laboriosos e implican métodos muy sofisticados para
“caminar en los cromosomas™ hasta encontrar el gen responsable. El hecho de
haber encontrado una duplicacién asociada con €l CMTI1A, define el locus de
esta enfermedad y hace que ahora los esfuerzos se concentren especificamente
en esta region para identificar el gen(es) responsable del CMT1A.

Estudios de ligamiento genético se utilizan actwvalmente para la
identificacién del gen responsable de diferentes enfermedades genéticas
humanas. En este trabajo se demostré que por una duplicacién de DNA se
originan falsos recombinantes en los andlisis por RFLP, y como consecuencia,
un resultado erréneo en el grado de ligamiento de un marcador genético con
el locus de una enfermedad.

II. Desde el punto de vista de desarrollo tecnolégico.

En el presente trabajo se sentaron las bases para el establecimiento de
una nueva prueba para el diagnéstico molecular de 1a enfermedad de CMT1A.

;Qué tan importante seria esta prueba de diagndstico molecular de la
enfermedad de CMTI1A? Actualmente los métodos de diagndstico del CMT

incluyen métodos electrofisiolégicos para medir 1a conduccién nerviosa,
histometria para cuantificar las fibras nerviosas en biopsias de nervio y
microscopia electrénica para examinar la ultraestructura de los nervios
involucrados. Estos métodos son dolorosos, tienen cierto riesgo para el
paciente y son caros (¢l costo estimado de este tipo de diagnéstico, en los
Estados Unidos, es alrededor de $5000.00 délares).

Por el contrario una prueba de diagnéstico molecular, como la descrita
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en el presente trabajo, origina la posibilidad de que se obtenga el diagndstico
utilizando simplemente el DNA gendmico aislado de sangre periférica. Este
método de diagnéstico molecular tendria las ventajas de que es maés
econ6émico, sin pingun riesgo para el paciente y el diagnéstico se puede
realizar desde el primer dia de nacimiento. Otra ventaja sumamente
importante es la posibilidad de realizar un diagnéstico prenatal, lo cual no era
posible con los métodos actuales.

III. Desde el punto de vista de beneficios sociales y de salud.

Como se menciond en la Introduccion, la edad promedio de aparicion de
los sintomas del CMT1A es a los 12 afios de vida. El establecimiento de un
método mdas econémico, darad posibilidad a que un mayor nimero de personas
se efectue una prueba de diagnéstico. El hecho de diagnosticar la enfermedad
antes de la aparicién de los sintomas, brinda la oportunidad a realizar una
apropiada intervencién farmacolégica y quirirgica para disminuir los
trastornos de la enfermedad. Ademas una deteccién temprana de la
enfermedad ofrece la posibilidad al individuo afectado de orientar su vida de
acuerdo con los impedimentos que va a manifestar.
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Isolation of a Marker Linked to the Charcot-Marie-Tooth
Disease Type |A Gene by Differential Alu-PCR of
Human Chromosome |7—retaining Hybrids
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Summary

We repurt the isolation of 2 new marker (56.1) from band pl11.2 of burnan chsomosome 17 by differconal
Aly—polymecase chain reaction (Afu-PCR) of both a monochromosomal hybrid retaining a single buman
chromosome 17 and a hybrid retaicing a del{(17)(p11.2pll.2) in addition to other human chromasomes.
The method is based on the preferential PCR amplification of human DNA in rodent/human hybrids
when primers specific to the human Al repeat element are used, Mspl aad $scl RFLPs associatcd with
S6.1 were idcatificd and used in linkage analysis of both a previously reported and a newly identified
Freuch-Acadian kindred segregating autosomal dominant Charcot-Marie-Tooth disease (CMT). A cumula-
tive peak lod score of 3.41 at a peak recombination fraction of 12 indicates that this marker is linked to
the CMT 1A locus but is at a distance from the discase gene. Thus, the marker $6.1 will be uscful in fur-

ther delineating the candidate region far the CMT gene when its location with respect to pA10—41 and
1516, two other mackers from 17p11.2 which have previously demounstruted close linkagy to the CMT

locus, has beea determined.

Introduction

Charcor-Mane-Tooth disease (CMT) is one type of
hereditary motor and sensory neuropachy (HMSIN)
which is characterized by absent deep tendon reflexes
and pragressive muscle wasting, particularly in mus-
cles innervated by the peroneal nerves (Charcot and
Maric 1886). The disease can be inherited in an au-
tosomal dominant, autosamal recessive, or X-linked
maaner (McKusick 1988}. CMT type 1A (CMT 1A),
which is the most prevalent form of this disease, has
been recently mapped to the pericentromenc region af
chromosome 17 (Raeymaekers et al. 1989; Vance et al.
1989; Middieton-Price et al. 1990; Patel et al. 1990},
while CMT type 1B, also inherited in an autosomal

Recrived March 1, 1990; final revision received August 6, 1990.
Addreys for carrespondence and reprints: Pragna 1. Patel, Ph.D.,
Institute for Molecular Genetics, Baylor College of Medicing, One
Baylor Plaza, Houston, TX 77030
© 1990 by The Amcrican Soacty of Human Groenes. All nghts reserved.
0902-9297/ 90+ 4706-0007502.00
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dominant manner, has been shown to be linked to the
Duffy locus in the q23-q25 region af chromosome 1
(Bird ct al. 1982).

We have studied a large French-Acadian pedigree
segreganng CMT 1A by using markers from the pericen-
tromeric regioa of chrumosome 17 (Patel ec al. 1990).
Two markers, pA10-41 {D17571) and 1516 (D175258),
are clasely linked to the CMT locus and map to 17pll.2
(vatTuinen et al. 1987; Patel et al. 1990). This chro-
mosomal region is deleted in patients wich Smith-
Magenis syndrome, a syndrome characterized by mul-
tiple congenital anomalies including developmental
dclay, facial dysmarphology, attention-deficit disarder,
and, in some patients, absence of REM sleep (Smith
etal. 1986; Strateon et al. 1986), We have used 4 hybrid
cell line, DH110-D1 (Patel et al. 1990}, construcred from
a Smith-Magenis patient tu selectavely isolace u miarker
from 17pll.2 for use in further linkage studies. The
praobe isolation method is based on the polymerase chain
reaction (PCR)-mediated amplification of human DNA
in hybrid cell lines by using primers directed to the Aly



Linkage of CMT IA to Chromosome 17 Marker

repeat sequence (Nelson ¢t al. 1920) and by the com-
parison of Alu-PCR products from hybrid ccll lines re-
tainiag either an intact or deleted chromosome 17 as
described recently for markers in the Xq28 region (Led-
better et al. 1990). The prabe $6.1 was then utilized
in linkage analysis with two lagge CMT 1A pedigrees.
Qur probx isolation method should have application
to the identification of novel probes from specific
regions, for use w linkage analysis and diseasc-gene

mapping.

Material and Methods
Cell Lines

The rodent parent of each hybrid <ll linc ts clone
1D, a thymidine kinase—deficient mouse fibroblast cell
line. All hybrid cell lines have been described elsewhere
(vanTuinen et zl. 1987, 1988, Patel et al. 1990). The
hybrid MH22-6 retaios a single chromosome 17 as its
only human marenal. The hybrids P12.3B, HO-11, and
JW-4 recain 17pter—qll.2 or 12, 17p13.100>qter, and
17pl13.105->qter, respectively. The hybrid DH110-D1
is derived from a Smuth-Magenis patient and retains
17pter—pll.2::pll.2—+qter.

PCR Rexctions and Primers

The PCR was ceaducted using the Alu prumer, 1C-
65, and the conditions used were essentially thosc de-
scribed by Nclson et al. (1989), except that the final
concentration of ANTDPs was 250 uM.

Gel Electrophioresis and Sauthern Hybridization

DNAs were visualized with ethidium bromuide after
electrophoresis in agarase gels. Size markers are a mix-
ture of A DNA digested with HindIll and OX174
digested with Haelll. Sowthern transfer and hybridiza-
tion followed procedures described elsewhere (Patel et
al. 1990). When PCR products were w0 be used as
probes, they were either ethanol precpitated with am-
monium acetate to remove dNTPs or were purified at-
ter electrophoretic separation in low-melting-tempera-
ture agarose. All probes were preassoaated with human
placental DNA prior to us¢ in hybridizations. (n brief,
Southern blots were incubated in a three-fourths vol-
ume of prehybridization solution (1 M NaCl, 10% dex-
cran sulfate, 1% SD$) conraining 0.1 mg somicated hu-
man placental DNA/ml and used at a final valume of
1 ml/16 cn? of membrane. The radialabeled probe,
uscd at a final concentration of 1 x 108 cpm/ml of
prehybridization solution, was mixed with ane-foarth
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volurne of the prehybridization salution coutaining 0.2
mg of human placental DNA/ml, was boiled for S min
to denature the DNA, and was incubated at 65°C for
2 h to preassaciate repeat sequences in the probe prior
to use in hybridizations.

Claning of Alu-FCR Product

The Aiw-PCR product, $56.1, was digested with
Hindlll to purify it from any comigrating contaminants.
Two major subfragments, S6.1-HB1 (1.2 kb) and 56.1-
HB2 (1.1 kb), were each purified from agarose by using
the GeneClean kit (B1O101) and were ligated into Hincll-
digested pIZ19R vector (Mead et al. 1986) at a vec-
tor:insert molar tatio of 1:2 after repairing che ends.
The ligatian was performed in One Phor-All Plus buffer
with T4 ligase {Pharmaqa) for 16 h ac L69C. Esche-
richia cali K-12 streain DHSa competent cells were trans-
formed with the ligation produces and plated on LB
plates conuaining 100 pg ampicillin/ml.

CMT Pedigrees

All available members of pedigrecs segregating au-
tosomal dominant CMT were subjected to a thorough
clinical and electraphysiological examinatign. Since we
had previously demonstrated reduced nerve conduction
veloaties (NCVs) in asympcomauc mndividuals (Patel
etal. 1990), all individuals used in linkage analysis wepe
examined for NCV. In these kindreds, the diagnasis
of CMT 1A was established by the presence of markedly
slowed median and ulnar motor NCVs. A single nor-
mal mator NCV of the peroneal nerve excluded the
diagnosis in patiencs older chan age 5 yeacs.

Pedigree 1 1s a 299-person French-Acadian pedigree
which has been previously desccibed and of whick 33
members have been used in the linkage analysis (Patel
ctal. 1990). Pedigree 4215 a 149-person French-Acadian
pedigree of which 35 members were studied (fig. 1).
After informed consent was abrained, biood was col-
lected from each partipating family member and was
used to establish Epstein-Barr virus-transformed lym-
phoblasts (Anderson and Gusella 1984) and for isola-
tion of high-malecular-weighe DNA (Miller et al. 1988).

Linkage Analysis

The parameters and methods used for linkage anal-
ysis for pedigrees 1 and 42 have been described else-
where (Patel et al. 1990), with the exception that the
age-dependent risk of affection was removed, since all
critical members of this pedigree were evaluated far
NCV. A final penctrance of .99 was assumed for CMT
gene carriers, e
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Results

Isolation of Marker S6.1 from 17p11.2

The method used for isolation of markers mapping
to 17pl1.2 is shown schematically in figure 2. MH22-6
is a hybrid cell line retaining a single copy of chromo-
some 17 as its only human complement. Human-specific
sequences in the cell line were selectively amplified by
conducting PCR using the primer TC-65 representing
the Alu repeat sequence as described by Nelson et al.
(1989). The amplification products comprising >50
fragments ranging in size from ~400 bp to ~4 kb were
separated by electrophoresis in a 1% low-melting-tem-
perature agarose gel. The gel was sliced at 0.5-cm
intervals, each slice was melted, an equal volume of
water added, and § pl (<0.5%) of each slice was used
for a reamplification reaction using the primer TC-65.

The primer TC-65 was also used to amplify the hu-
man DNA in the hybrids P12.3B, HO-11, and DH110-D1,
which retain a derivative chromosome 17 in addition
to several other human chromosomes. The amplifica-
tion products obtained both with TC-65 and either cach
of these hybrids separately or hybrid MH22-6, which
are displayed in figure 3A, were subjected to Southern
analysis using amplification products from each of the
slices of the low-melting-temperature agarose gel as a
probe. The results obtamed with the products of slice
6 are shown in figure 3B. One of the amplification prod-
ucts was missing in the hybrid DH110-D1, suggesting
that it originated from a sequence mapping to 17pll.2.
To confirm this, the fragment designated S6.1 was iso-
lated and hybridized to a Southern blot of EcoRI-
digested genomic DNA from the hybrid DH110-D1 and
other human chromosome 17-retaining hybrids. As
shown in figure 4, no signal is evident when S6.1 is
hybridized to DH110-D1 DNA, while a hybridization
signal is seen when 17pll.2-specific DNA sequences are
present, thus confirming that this sequence originated
from 17p11.2. Figure 4 also shows that $6.1 hybridized
to four EcoRI fragments, all of which map to 17p11.2.

RFLP Analysis of Marker S6.1

To determine whether the marker $6.1 showed link-
age to the CMT locus, we attempted to identify RFLPs.
DNA from eight unrelated individuals was digested with
Apal, Avall, BammHl1, Banl, Banll, Bcll, Bgll, Bglll, Dral,
EcoRl, EcoRV, Hincll, Hindlll, Hinfl, Mspl, Mbol,
Psil, Puull, Rsal, Scal, Sphl, Ssil, Stul, Tagl, and Xbal
and was used for Southern analysis with $6.1. An Sszl
polymorphism, with allelic fragments of 12.2 and 7.1
kb at a frequency of 39% and 61%, respectively, was

Parel et al.

Kb

del (17 pl1.2p11.2)
del (17)(p13.100:)
del (172)(p11.2p11.2)
del (17) (p13.100:)

normal 17

1 7pter-m Q12.3
normal 17

| 7pter —=-q12.3

Kb
43 —

Figure 3  Southernanalysis of Alu-PCR products from hybnds
MH22-6, P12.38, DH11C-D1, and HO-11. One-half microgram from
each of these hybrids was amplified with primer TC-65 as described
in Material and Methods. Ten percent of the products were electro-
phoresed in a 1.2% agarose gel, and a Southern blot was prepared.
The blot was hybridized with the amplification products from shice
6. A, Ethidium bromide~stained gel. B, Autoradiograph of Southem
blot. The arrow indicates the fragment missing in the Smith-Magenis
hybnd, DH110-D1, suggesung that it maps to 17pll.2.

detected. An RFLP was also detected for Mspl, with
allelic fragments of 1.1 and 1.0 kb at a frequency of
78% and 22%, respectively. Both Mendelian segrega-
tion of these RFLPs and the invariant fragments recog-
nized by a cloned subfragment of S6.1 are shown in
figure 5. Since a limited number of unrelated individu-
als were typed for the Sstl and Mspl RFLPs, it could
not be determined whether these RFLPsare in linkage
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Human
Mouse
MH22-6
JW-4

DH 110-D1
HO-11
P12.3B

Kb

-
-

Figure 4 Soutticin sralysis of genomic DNA with Ale-PCR
product, $6.1. Twu and une-half ricrogramis of humau TINA, § pg
of mause (clone 1D) DINA, and 10 pg of DNA from the somacic
cell hybrids MH22-§, [W-4, DH110-D{, HO-11, and P12.38 were
digested with EcoR [ and hybeidized with §6.1, which is the fragment
ideutified as wnissing in the hybod DHI10-DL as shawn in fig. 3B
The hybrids are described in Marterial and Mechods.

disequilibrium. However, no recombinants were de-
tected between che Ssel and Mspl RELPs withia two
large pedigrees which were analyzed (see below).

A New French-Acadian Kindred Which
Segregates CMT (A

We have previously reparted a French-Acadian kin-
dred (pedigree 1) segregating autosomal dominant CMT
and demonstrating linkage to markers from the pericen-
trommeric region of chromosome 17 (Patel et al. 1990).
A second French-Acadian kindred (pedigree 42; tig. 1)
segregating autgsomal dominant CM'1" was sampled,
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and 35 of the individuals in it were used in the present
study. To determine whether pedigree 42 segregated
CMT 1A, members were typed for the markers pA10-
41, 1516, and EW 301, which have beea shown o be
closely linked to the CMT 1A locus {Racymackers et
al. 1989; Vance et al, 1989; Middlcton-Price et al. 1990,
Pacel et al. 1990). The individual and cumulative lod
scores obtained for pedigrees 1 and 42 by using pAl0-
41, 1516, and EW 301 are presented in table 1. [n pedi-
gree 42 the marker pA10—41 was mare informative thaa
1516 or EW301 and yielded Z = 2.33 2t @ = 0, sug-
gesting that pedigrec 42 segregates CMT 1A.

Linkaga Analysis of Pedigrees | and 42 with Merker §6.1

To determine the genetic distance of $6.1 with re-
spect 10 the CMT Yocus, both pedigree 1 and pedigree
42 were typed for the Mspl and Ss¢l RFLPs described
abave, and haplotypes were constructed. Lod scores
were calculated as described in Material aad Methods
and are presented in table 1 both individually for
pedigrees 1 and 42 and as a total for these families,
under the assumption of homogeneity of linkage. These
results suggest that 1516 and pAi10-41 are both closely
linked to the CMT 1A gene, but the marker 56.1 is linked
ata distance (§ = .12) from the disease gene. Determi-
nation of the recombination distance between $6.1,
1516, and pA10—41 wil] entail examination of a larger
number of CMT 1A and reference pedigrees with these
markers. Tlus in turm wiill enable a more precise deline-
ation of the candidare region for the CMT locus on
chromosome 17.

Discussion

The ability to amplify human-spedfic sequences in
somatic cell hybrids by using primers to repeated se-
quence clements such 25 Alu (Nelson et al. 1989) and
LINE {Ledbetter et al. 1990) has greatly facilitated che
identification of markers mapping to specific chro-
mosomal regions. We have described in the present re-
pott an application of Aiu-PCR which has cnabled us
to rapidly identify a new marker in a specified region
of chromasome 17p and to demonstrate the capaary
for ics direct use in linkage analysss for CMT 1A. This
region contains genels) responsible for the various
phenotypic manifestations in Smuth-Magems syndrome
(del(17)(p11.2)), as well as two markers (1516 and
pA10—41) closely linked ta the gene responsible for CMT
1A (Pazel ec al. 1990). Only three ather markers have
been previgusly physically mapped w this deleton iater-
val—uamely, D17571 (pA10-41) aad D17529 { YNMé7)
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B Mspl Polymorphism
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Figure § Mendelian segregation of RFLPs revealed by enzymes Sstl (A) and Mspl (B). A doned subfragment of the marker S6.1 desig-
nated 56.1-HB2 (see Marerial and Methods) was used for Southern analysis. The vaciant fragments are indicated as allele A and allele B,
respectively. The Sstl paccern obtained with $6.1-HB2 is identical to thar seen with $6.1. The M spl pattern obrained with $6.1-HB2 is simpler
and allows distinction of overlapping Mspl fragments. Occasionally a strongly hybridizing 1.75-kb Mspl fragment was seen with this probe,
but it could never be conclusively established whether this represented a variant allele of the 1.3-kb Mspl fragment and/or an incomplete

digestion product,

Table |

Lod Scores for CMT [A versus Chromosome 17p Markers

Lop Score AT REcoMBINATION FRACTION OF

MARKER {enzyme|s]) AND PEDIGREE® 0 05 .10 .AS .20 30 40 6 2
A10-41 (Mspl):
) A 89 79 .67 55 43 20 05 ... ...
a2( LN €N, , 2.33 211 1.88 1.65 1.40 _.91 _.42 i
Torall o s o3 o o covaees & 3.22 290 2.5 2.20 1.83 1.11 .47 .00 3.22
1516%: Hindill and Mspl
) AT SEE TR 3.72 339 3.02 2.64 2.23 1.37 .50
A2 e -4.13 64 .73 _70 _61 3B .15 ... ...
2 1 | —.41 403 375 3.34 284 1.75 .65 D4 4.04
EW301 Tagl)
T G AR ST RS 2.04 2.33 2.39 2.29 2.07 1.44 .45
42 . 92 .78 65 .55 .46 31 .17 ... ...
Total ..o 296 3.11 304 284 2.53 1.75 .62 .06 3.a2
$6.1 (Ssdd and Mspl)
) S -3.70 1.76 2.20 2.26 2.12 165 .89 ..
7 O -3.39 1.11 1.16 1.07 .92 54 _.16
Total .......... S5 T SRS .. -7.09 2.87 336 3.33 3.04 219 1.05 .12 3.41

* Lad scores for pA10-41, 1516 (Hirdll1), and EW301 in pedigree 1 were published by Patel et al.
{1990); the remaining results are from the present study.
b Hindlll RFLP described by Pacel et al. (1990); Mspl RELP described by Franco et al. (submitted). %
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(van Tuinen et al. 1987) and D175258 (1516) (Pace] et
al. 1590).

Ledbetter et al. (1990) have recently described the
identification of markers from Xq28 by a comparison
of the amplification products obtained from a hybrid
recaining a single human X chromosome and from
hybnds reraining a del(X){q28) or anly the Xg24-quer
region. The patterns of amplification products used for
the idenrificarion of these markers were simpler than
that obtained with the hybrid MH22-6, We therefore
used the approach of ¢xamining pools of amplification
producxs created by dividing elearoghoretically sepa-
rated amplification products. Thas approach for wden-
dfying Afu-PCR amplification products which are ab-
sent in a hybnd retaining a chromasome 17 specifi-
cally deleted for band pl1.2 may be further refined by
modifications which reduce the total number of Alu-
PCR amplification products in the hybcids.

The marker $6.1 appears to hybridize to at least two
loci inthe genome, as determuned by Sauthern analysis
af genomic DINAs digested with a number of restric-
tion enzymes, ncluding Sstl (fig. §), Kpnl, Avall,
BamHI, and Puull (data not shown). Both of these loci,
which each appear (o contain at least one EcoRl site,
map to 17pll.2, as shown by their abseace in a hybrid
retainming del (17) (p11.2p11.2) (fig. 4). Identical results
were obtained with cloned subfragments of $6.1, thus
ruling out the possibility that $6.1 represented a mix-
ture of comigrating Alu-PCR products (d ata not shown).
Similar results have been observed with phage clones
originacing from Xp and have been attributed to the
presence of 2 famuly of very-low-copy-number repeats
whose members are located within close proxumity on
the X chromosome (Ballabio et al., in press). Use of
the marker $6.1 to screen a genomic library ta isolate
larger homologous genomic sequences—along with
physical mapping of these sequences—will determune
the relative proximity of these sequences in 17p11.2.
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We demonstrate that the digestion of template DNAs
with restriction endonuclesses prior to Alu polymerase
chain reaction (‘'restricted Alu-PCR"’) reduces the com-
plexity of the Alu-primed amplification patterns of human
DNA iz somatic cell kybrids sad allows a direct informa-
tive comparison of these patterns. A comparison of re-
stricted Alu-PCR patterns of a monochromosomal hybrid
retaining a humau chromosome 17 (MH22-6) and u hybrid
retaining a human chromosome 17 deleted for band p11.2
(DH110-D1) revealed four Alu-PCR products that were
preseut in the former but absent in the latter bybrid. Hy-
bridization of these fragments to the total Aly-PCR ampli-
fication products of the two hybrids confirmed their ab-
sence in DH110-D1 amplification products. Hybridization
to a panel of somatic cell hybrids indicated that two of these
fragments were deleted iu the hybrid DH110-D1 and
mapped to 17p) 1.2, 25 expected. However, two additional
fragments were not deleted in the hybrid DH113-D1 and
mapped to other regions of chromosome 17. An insertion—
deletiom poly morphism was associated with one of the lat-
ter fragments, which may be the mechanism for the lack of
its amplification in the hybhrid DH110-D1. Restricted Alu-
PCR should enbance the applications of A{u-PCR and pro-
vides 3 uew method far the identification of chremosome-
gpecific polymorphic markers. © 1991 Acedewmic From, Inc.

INTRODUCTION

The ability to isulate markers rapidly frum a de-
fined human chromosomal region has heen greatly
enhanced by the Alu polymerase chain reaction (4iu-
PCR). This approach uses primers directed tv human
Alu repetitive sequence elements to amplify human
DNA sequences situated between Al repeats (Nelson
et al, 1989). Several types of pritners based on the
congensus Al sequence have been designed {(Nelson

' To whom correspondence should be addressed at Institute for
Molecular Genetics, Baylor College of Medicine, Oune Baylar
Plaza, Houstan, TX 77030,
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et al., 1989; Cotter et al, 1990). These primere can be
used slone or in combination with other Alu primers
or primers to other interspersed repeat elememnts such
as L1Hs (Ledbetter et al, 1990) to amplify inter-Alu
sequences from human DNA present in complex
backgrounds, such as rodent—huwman hybrids.

Direct comparison of the amplified human se-
quences of a monochromosomal hybrid retaining a
humsn X chromosome to that of hybrids retaining
human derivative X chromasomes as the only human
material has allowed the isolation of markers map-
ping to X428 (Ledbetter et af., 1990). We sought tu
isolate markers from 17pl1.2 by comparing the Alu-
PCR amplification patterns of 8 monochromosomal
hybrid retaining human chromusome 17 (vanTuinen
et al, 1987) to that of a hybrid retaining a human
chromosome 17 deleted for the pl1.2 region (Patel et
al, 1990). However, the large number of Alu-primed
amplification products obtained with these hybrids
was a limiting factor in the direct comparative analy-
sis of these products from hybrids for the isolation of
markers mapping to 17ptl.2. In this report, we dem-
onstrate the reduction in complexity of the Aiu-PCR
amplification patierns obtained using Alu primers hy
digesting genomic DNAs from chromosome 17-re-
taining hybrids with various restriction enzymes
prior to A{u-PCR. This allowed us to isolate two
markers from the 17p11.2 region. A second applica-
tion resulting frow this study is a method for the di-
rect identification of polymorphic markers from spe-
cific chromosomal regions.

MATERIALS AND MFTHODS

Cell Lines

The rodent pagent of all somatic cell hybrids is
clone 1D, a thymidine kinuse-deficient mouse fibro-
blast cell line. All hyhrids used in this study have been
described previously. Briefly, the hybrid MH22-6

contains a single chromosome 17 as the only human

0388-7543/91 $3.00
Capyright © 1391 by Academic Peees, Inc.
All rights of reproduction in any form reserved.
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material (vanTuinen et al.,, 1987), DH110-D1 retains
a del(17)(pl11.2p11.2) derived from a patient with
Smith-Magenis syndrome (Patel et al., 1990}, 88-H5
contains 17pter-p11.2 (vanTuinen et al, 1987), L.S-1
contains 17cen—qter (Elderet al, 1985) SP-3 containa
7q11.2 (vanTuinen et al, 1987), and HO-11 containe
17p13.1-925.9 (vanTuinen et al, 1988).

Primers and PCR Conditions

Templates for restricted Alu-PCR were prepared
by digesting 1 ug of genomic DNA for >4 h with 10
units of reatriction enzyme added in two aliquots. The
DNAs were precipitated in 0.3 M sodium acetate with
2 vol of 95% ethanol, washed in 75% ethanol, and
resuspended in H() ul of water. The PCR was can-

“ducted using Al primers TC-65 and 517 as described
by Nelson et al. (1989) with minor modification.
Briefly, the PCR was carried out in & final volume of
H0-100 gl with 1 ug of DNA, primer TC-65 at 1 uM, or
primner 517 at 6.1 gM in 50 mM KC1/10 mM Tris-
HCIl, pH 8.0/15 mM MgCL/0.01% gelatin, all four
dNTPs (Pharmacia) at sither 250 uM (TC-65) or 125
aM (517), and 2.5 units of Tag polymerase {Perkin-
Elmer/Cetus). The reaction was conducted for 35 cy-
cles of 94°C denaturation (1 min), 55°C annealing (1
min), and 72°C extension (4 min) in an sutomated
thermalcycler (Perkin-Elmer/Cetus). Initial denatur-
ation was at 95°C for 5 min and a final extension was
at 72°C for 7 min, Primers were used in reactiona
after deprotection without further purification.

PCR Products: Gel Electrophoresss, Purification,
and Cluning

To analyze the PCR products, they were separated
on a 1.3% agarose gel in Tris-borate buffer at 40-50 V
for 12-16 h. To isolate individual fragments, the PCR
product was electrophoresed on a L.3% low-melting
agarose gel. The fragment was czcised from the gel
and melted at 65°C, an equal volume of water was
added, and approximately 1 ] was reamplified for 35
cycles to allow generation of preparative quantities of
the fragment.

To clone the PCR product FG 1, it was purified from
agarose using the GeneClean Kit (BIO 101) and li-
geted into Hincll-digested pTZ19R vector (Mead et
al, 1986) at a molar ratio of 1:2 vector to insert. The
ligation was performed in One Phor-All Plus buffer
with T4 liguse {Pharmacia) for 16 h at 16°C. Esche-
richia cali K-12 strain DH5a competent cells were
transformed with the ligation products and plated on
LB plates containing 100 ug/ml ampicillin. The PCR
product FG2 was purified from comigrating contami-
nants by digestion with Mspl and electrophioretic sep-
aration of a subfragment of 700 bp.

Southern Analysis

For Southern analysis (Southern, 1975) of genomic
DNAs, 10 ug of DNA from each hybrid and 5 ug of
buman and mouse DN A were digested for >4 h with
3-4 unita/ug of the appropriate restriction enzyme.
Samples were electrophoresed in Tris—acetate aga-
rose gels with huffer recirculation. For Southern anal-
yais of PCR products, 10% of the amplification prod-
ucts were electrophoresed as described above. South-
ern transfer, preassaciation of sall prabes, and
hyhridization were performed as described previously
(Patel et al., 1990).

RESULTS

To identify markers from 17plL.2, high-molecular-
weight DNA from the hybrid MH22-6 (retaining a
single human chromosome 17) and the hybrid
DH110-D1 [retaining a del(17)}(pl11.2p11.2)] was used
as a temphute for amplification with either primer
TC-65 or 517. When UNA from MHZ22-6 was used as
a tenplate, approximately 50 fragments, ranging in
size from 400 bp to 4 kb, were vbtained with primer
TC-65 and approximately 30 fragments, ranging in
size from 600 bp to 4 kb, were obtained with primer
517. The patterns obtained with DNA from DH110-
D1 were more complex, probably because this hybrid
retains other human chromosomes.

To reduce the complexity of Alu-PCR amplifica-
tion patterns, DNA from the hybrid DH110-D1 was
digested with a number of restriction enzymes, either
singly ot in combination, prior to performing the Al
PCR. Figure 1 shows the amplification pattems ab-
tained with unrestricted and restricted DNA from
DH110-D1. 'I'he amplification products of the re-
strictcd DNAs are composed of subsets of the prod-
ucts obtained with undigested DINA. It is interesting
to note the remarkable reduction in the number of
amplification products observed when an enzyme
with a four-base recugnition sequence, such as Ryal, i
used to digest the template. We use the term “re-
stricted Alu-PCR” to describe this modification of
Alu-PCR.

Having demonstrated a reduction in the complexity
of the A{u-PCR pestterns of hybrid DH110-D1, we ex-
amined this method tor its ability to identify and iso-
late markers present in one hybrid but absent in an-
other. DNA from hybrids MH22-6 and DH110-D1L
was digested with several restriction enzymes and
subjected to amplification with either primer TC-65
or 517, Figure 2 shows normal and restricted Alu-
PCR patterns far hybrids MH22-6 aaud DHI110-D1.
The arrows indicate four fragments that are present
in the restricted Alu-PCR products of MHZ22-6 but
absent in that of DH110-D1.
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FIG. 1. Simplification of the Alu-PCR pattern of the hybrid
DH110-D1. One microgram of DNA from the rodent cell line clone
1D and from the hybrid DH110-D1; either uncut or digested with
several restriction endonucleases, was subjected to PCR with the
Al primer TC-65 and electropharesed as described under Mate-
nals and Methods, The templates are lane 1, clone 11) DNA; lane
2, uncut DH110-D1 DNA: lanes 3-10, DNA from DH110-D1 di
pested with EcoR1 + Hgll, Tagl, Avall, EcoRl + Pstl, EcoRI + Pstl
+ BamHI, Bell + Poull, Beil + BglH, and Rsal, respectively. The
size standard is the 1-kb ladder (BRL).

These fragments could truly represent inter-Alu se-
quences that fail to amplify when DH110-D1 DNA is
used as template. Alternatively, they might represent
an artifact associated with restricted Alu-PCR. To ex-
amine these possibilities, Alu-PCR products obtained
with undigested DNA from hybrids MH22-6 and
DH110-D1 were examined by Southern analysis us-
ing each of the isolated fragments FG1, FG2, FG3,
and FG4 individually as probes. Each of these probes
hybridized to a fragment of similar size in the total
amplification products of undigested MH22-6 DNA
but was absent in the DH110-D1 products. The effi-
ciency of amplification and transfer was verified by
hybridization with a control fragment present in the
Alu-PCR products of both MH22-6 and DH110-D1.
The results obtained for FG3, which are representa-
tive of those seen with FGG1, FG2, and FG4, are shown
in Fig. 3.

To determine the regional localization of these
fragments, each was used as a probe for Southern hy-
bridization with a panel of somatic cell hybrids repre-
senting different regions of chromosome 17. Both
FG1 and FG2 were localized to the 17p11.2 region, as
expected, but appeared contaminated with a minor
comigrating fragment (data not shown). They were
therefore either cloned (FG1) or further purified
(FG2) as described under Materials and Methods. Hy-
bridization of purified FG1 and FG2 to the somatic
cell hybrid mapping panel confirmed their localiza
tion to 17p11.2 (Fig. 4).

The fragments FG3 and FG4 did not map to
17p11.2, as was initially expected. The fragment FG3
mapped to 17q11.2-qter and FG4 to 17p12 (Fig. 4).
The failure to amplify inter-Afu sequences such as
FG3 and FG4 in the DH110-D1 DNA could be due to
alterations in the sequences flanking or involving the
Alu element, which might be detectable as RFLPs. To
determine this, FG3 was hybridized to DNA from
eight unrelated individuals digested with BamHI,
Bell, Bglll, Dral, Hindlll, Pstl, Rsal, Sstl, or Tagl.
FG3 detected an insertion-deletion polymorphism
discernible with the enzymes Bell, Tagl, Pstl, and
Sstl as shown in Fig. 5. The difference in the size of
the polymorphic alleles with each of these three en-
zymes was approximately 250 bp. In addition, the
polymorphisms appeared to be in complete linkage
disequilibrium, as indicated by a similar pattern of
allele distribution in unrelated individuals (Fig. 5).
The hybrids MH22-6 and DH110-D1, when examined
for these polymorphic alleles by hybridization of
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FIG. 2. Comparative restricted Alu-PCR of the chromosome
17-retaining hybrids MH22-6 and DH110-D1. Lanes 1, 3, 5, 7 and
2, 4, 6, 8 represent the amplification products from hybrids
MH22-6 and DH110-D1, respectively. The status of the template
in each lane is: lanes 1 and 2, uncut; lanes 3 and 4, digested with
the enzymes Bell, Pstl, and EcoRI; lanes 5 and 6, digested with the
enzyme Avall; lanes 7 and 8, digested with the enzymes Pst] and
EcoRIL. The Alu primer used for each set of amplifications is indi-
cated at the bottom of the figure. FG1, FG2, FG3, and FG4 repre-
sent fragments present in MH22-6 amplification products but ab-
sent in DH110-D1 amplification products; C represents & control
fragment amplified in both hybrids with primer 517, which is rele-
vant to the experiment described in Fig 3
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FIG. 3. Absence of FG3 in the total Alu-PCR product of
DH110-D1. FG3 and a control Alee-PCR product were hybridized
sequentially to a Southern blot of the Alu-PCR products obtainad
with 1 ug of undigested template DN As from hybrids MH22-6 and
DH110.-D1. Lanes 1 and 2 represent the total Alu-PCR products of
the hybrids MH22-6 and DH110-ID1, respectively; C indicates the
hybridization of a control Al-PCR product identified in Fig. 2
which was obtained with Pstl + EesoRI-digested template from
both hybrids. The control fragment was isolated from the electro-
phoretically séparated restricted Afe:-PCR productsof DH110-D1,
reamplified as described under Materials and Methods and used
for hybridization. The size of the fragments in kilobases (kb) is
shown on the right.

Bell-, Taql-, Pstl-, and Sstl-digested DNAs using
FG3 as probe, were found to contain the smaller and
the larger allele, respectively (data not shown). Exam-
ination of seven other reduced hybrids that retained a
normal or derivative chromosome 17 indicated that
the presence of the larger Tagl allele associated with
FG3 correlated with the inability to amplify the inter-
Alu sequence represented by FG3 (data not shown).
The fragment FG4, when screened for RFLPs, did not
detect any polymorphism. F(G4 was amplified in sev-
eral other hybrids, including the hybrids 88H5 and
HO-11, which all contained the 17pl2 region (data
not shown), and the mechanism for the lack of ampli-
fication in hybrid DH110-I21 is unknown.

FG1 and FG2 mapped to 17pl1.2, a region of inter-
est for the study of Charcot—Marie-Tooth disease
(Patel et al, 1990) and Smith-Magenis syndrome
(Smith et al., 1986; Stratton et al, 1986). They were
therefore screened for RFILLPs by hybridization with
DNAs from eight unrelated individuals that were di-

gested with several restriction enzymes. FG1 detected
an Apal and a Rsal RFLP with polymorphic alleles of
12 and 7.5 kb and of 1.5 and 1.1 kb, respectively. FG1
was not polymorphic for Aval, Avall, BamHI, Bell,
Bgll, Bglll, EcoRI, Hindlll, Hinfl, Mspl, Pstl, Pvull,
Rsal, or Sstl. FG2 was not polymorphic for BamHI,
Bell, Bglll, EcoRI, HindlIl, Mspl, Rsal, or Tagl.

DISCUSSION

This study demonstrates a highly reproducible ap-
proach for decreasing the complexity of the Alu-PCR
amplification pattern of somatic cell hybrids and al-
lows a direct comparative analysis of amplified prod-
ucts from hybrid DNA. A recognition sequence for
one or more restriction endonucleases can oceur be-
tween two Alu sequence elements juxtaposed in op-
posing orientations. Digestion of the template with
restriction enzyme(s) prior to Alu-PCR prevents that
particular inter-Alu sequence from being amplified
To determine which enzymes would be optimal touse,
we considered a previously reported frequency of rec-
ognition sequences for restriction enzymes in the hu-
man genome (Drmanac et al, 1986). As expected, the
reduction in complexity of the amplification pattem
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FIG.4. Hyhbridization of fragments FG1, FG2, FGS, and FG4 to
Southern blots of a somatic cell hybrid mapping panel. For ease of
interpretation, hybrid lanes are identified by schematic idiograms
representing Lhe portions of chromosome 17 retained in the hy-
brids. Lanes 1-6, 10 gg of genomic DNA from the hybrids HO-11,
MH22-6, DH110-D1, 88H5, 1.S-1, and SP3, respectively; lane 7, 10
ug of DNA from the parental mouse cell line, Clone 1D); lane 8,652
of human genomic DNA. The individual probes are indicated on
the right and the size of the bands in kilobases (kb) is shown on the
left. FG1 and FG2 were hybridized to Poull-digested DNAs, while
FG3 and FG4 were hybridized to HindII1.digested DNAs. FG1 and
FG2 map to 17p11.2, FG3 maps to 17q11.2-qter, and FG4 maps i
17p12.
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FIG. 5. Insertion-deletion polymorphism détected by FG3,
Lanes 1-4 represent DNA from each of the same four unrelated
individuals digested with the enzymes indicated on the right. The
size of the alleles in kilobases (kb) is shown on the left and indi-
cates that the polymorphic alleles in each case differ in size by
about 250 bp and show the same pattern of zygosity in each individ-
uval.

was proportional to the frequency of the recognition
sequence of the particular enzyme or combination of
enzymes used. The presence of new discrete bands in
the restricted Alu-PCR patterns is probably due to a
decrease in competition for the template, which al-
lows significant amplification of regions not obtained
with the more complex template. An analogous phe-
nomenon, attributed to template competition, was
observed in comparisons of the amplified human se-
quences in X-chromosome-retaining hybrids (Led-
better et al., 1990).

The reproducibility of the method allowed us to
compare the subsets of Alu-PCR products of two
chromosome 17-retaining hybrids and to isolate two
new markers from the 17p11.2 region. In addition,
simplification of the amplification pattern allowed us
to detect fragments representing inter-A/u sequences
that failed to amplify in the hybrid DH110-D1. This
failure to amplify an inter-Alu sequence may be due to
Alu-associated polymorphisms. In fact, the fragment
FG3 detected an insertion—-deletion polymorphism
(Anagnou et al, 1984; Frossard et al., 1986; Woods-
Samuels et al., 1989) involving a sequence of approxi-
mately 250 bp. The difference in the size of the poly-

morphic alleles, which approximates the length of a
single Alu repeat, suggests that the polymorphism
could have arisen by the insertion or deletion of a
gingle Alu element. The FG3 allele of the chromosome
17 retained in MH22-6 is 250 bp smaller than the
corresponding allele in DH110-D1. We speculate that
the presence of the “inserted” sequence in the chro-
mosome 17 retained in DH110-D1 impairs the ampli-
fication of the inter-Alu sequence represented by
FG3. Thus, restricted Alu-PCR may be applicable to
the direct isolation of polymorphic markers.

The fragment FG4 was also absent in the amplifi-
cation products of hybrid DH110-D1, even though it
did not map to 17p11.2. A limited survey with the
enzymes Bglll, HindIll, Hinfl, Mspl, Rsal, and Tagl
did not reveal any RFLPs associated with FG4. The
lack of amplification of FG4 using DH110-D1 DNA
may be due to other types of polymorphisms asso-
ciated with Alu elements (Economou et al., 1990; Zu-
liani and Hobbs, 1990; Rogaev, 1989), which are not
detectable by genomic Southern analysis. These poly-
morphisms may affect the amplification because of
differences in the base composition at the primer an-
nealing site, secondary structure effects, or other
mechanisms. The inversion of the orientation of a
single Alu repeat might also be an additional mecha-
nism that impairs the amplification of a specific Alu-
PCR product.

The digestion of template DNA with restriction en-
zymes can enhance the usefulness of Alu primers con-
taining degenerate sequences, which have a high fre-
quency of target reiteration and yield a very large
number of amplification products. This method can
also be used to analyze hybrids that retain a large
number of human chromosomes. It may be used to
reduce selectively the number of amplification prod-
ucts resulting from a yeast artificial chromosome vec-
tor or a radiation hybrid containing a large segment of
human DNA. Restricted Alu-PCR may also facilitate
the detection and isolation of PCR products obtained
using specific primers coupled with Alu primers by
reducing the background of inter-Alu products.
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Molecular Analysis of the Smith-Magenis Syndrome: A Possible
Contiguous-Gene Syndrome Associated with del(17)(pl1.2)
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Summary

We undertook clinical evaluation (32 cases) and molecular evaluation (31 cases) of uacelated patients affecred
with Smithi-Magenis syndrome (SMS) associated with an interstitial deletion of band pl1.2 of chromosome
17. Patents were evaluated both clinically and electrophysiologically for penipheral neuropathy, since markers
shawing clase linkage to one form of Charcot-Marie-Tooth discasc (CMT1A) map ta this chromoesamal
region. The common clinical findings were broad flat midface with brachycephaly, broad nasal bridge,
brachydactyly, speech delay, and hoarse, decp voice. Fifty-five percent of the patients showed clinical signs
{e.g,, decreased or absent deep tendoa reflexes, pes planus or pes cavus, decreased sensitivity o pain, and
decreased leg muscle mass) suggestive of peripheral neuropathy. However, unlike patients with CMTI1A,
these patients demonstraced normal necve conduction velacities. Self-destructive behaviors, primarily onychot-
tlomania and polycmbolokoilamania, were observed in 67% of the patients, and sigaificaat symptoms of
sleep disturbance were observed in 62%. The abscnce of REM sleep was demonsteated by polysomnography
in two patients, Southern analysis indicaced chat most patients wege deleted for five 17p11.2 markers—FG1
(D175446), 1516 (D175258), pYNM&7-R5 (D17529), pA10-41 (D17871), and pS6.1-HB2 (D175445)—
thus defining a cegion which appears to be cnitical to SMS. The deletion was determined to be of paternal
origin in aiac paticnts and of maternal ongin in six patieats. The apparent randam parental ocigin of deletion
documcnted in 15 patients suggeses that genomic imprinting docs not play a rolc in the expression of the
SMS clinical phenotype. Qur findings suggest that SMS is likely a contiguaus-gene deletion syndrome which
comprises characteristic clinical features, developmental delay, <linical signs of peripheral neuropachy,
abnormal sleep fuacrion, and specific behavioral anomalies.

Isrodussion ing in a Mendelian fashion. The complex phenotypic

Cantiguous-gene syndromes are recognizable syn-
dromes and comprise microdeletion and microdupli-
cation syndromes (Schmickel 1986; Ledbetcer and Ca-
vence 1989). Speahc features of these syndromes may
occur individually in families, as phenatypes segregat-
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abnormalities may resule from DNA rearrangements
involving several contiguous genes (Schmickel 1986).
These syndromes are typwally described as clinical
entities, prior ta establishment of a chromasomal eti-
ology. The cytogenetic abnormality is consistently
small and difficult or impassible to detect by routine
meshods. Some patients wich che womplete clinical
phenatype demonstrate no visible cytogenetic abnor-
mality even after hugh-resolucion analysis.
Contiguous-gene deletion syadromes incdlude retinc-
blastoma with meutal retardaton (MR) (del 13q14};
Wilms tumor, auiridia, genital abnormalities, and re-
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tardation (WAGR) (del 11p13); Langer-Gidean sya-
drome (del 8q24); Prader-Willi and Angelman syn-
dromes (del 15q11); a-thalassemia and MR (del
16p13.3); Miller-Dieker syndrome (del 17p13); and
DiGeorge syadrome {del 22q11) (Schmicke! 1986,
Ledbetter and Cavenee 1989). In addition, other syn-
dromes associated with terminal deletions of chramo-
somes, such as Wolf-Hirschhom syndtome (del 4pt6)
(Ivens et al. 1990} and cr-du-chac syrdrome (del
5p16) {Overhauser et al. 1989), likely cepresent phe-
notypes assaciated with DNA rearcangements invalv-
ing contiguous genes. Malc paticnes with multipie
X-linked disorders that are due to deletion of contigu-
ous genes i the Xp21i region and that lead to vari-
ous combinations uf Duchenme musculac dystrophy,
chronic graaulomatous disease, McCleod phenatype,
retinitis pigmencosa, glycerol kinase deficiency, con-
genital adcenal hypoplasia, oraithine transcacbano-
ylase deficienicy, and various degrees of MR have been
described (Francke et al. 1987). Similarly, deledions
of the Xp22 region huve been demonstrated to have
combinations of stecoid sulfacase deficiency, Kallman
syndrome, and MR (Ballabio e¢ al. 1989).
Smith-Magens syndrome (SMS) s a clinically
recognizable multiple congeaital anomaly/MR syn-
drome due ta an interstinial delecion of chromaosome
17p11.2. The disorder was first described by Smith ec
al. in 1982, and the spectrum of clinical fearures was
delineated in 1986 by Smith et al. and Stratton et al.
To date, a total of 27 patients have been reported
(Pacil and Bartley 1984; Smich ec al. 1986; Suratton et
al. 1986; Popp et al. 1987; Lockwood et al. 1988,
Colley et al. 199Q; Haaull er 2l. 1990). Recencly, DNA
markers linked to the gene for Charcot-Marie-Tooth
disease type 1A (CMTiA) were mapped to 17p1t.2
(Raeymaekers et al. 1989; Vance et al. 1989, 1991,
Chance et al, 1990; McAlpineecal. 1950; Middleton-
Price «¢ al. 1990; Patel et al. 1990a, 19908). A
somatic-cell hybrid panel (vanTuinen et al. 1987) was
used to map these linked mackers to 17pl 1.2 by virtue
of absence of Southern hybeidization to a hybrid con-
structed from a2 del(17)pl1.2} patient (Parel er al.
19904, 1990b). Bgcauswe of the mapping of the
CMT1A gene to this region of chromosome 17, we
evaluated 32 SMS patients to determinc whether they
had evidence of peripherai neuropathy consistenc with
CMT disease. ln addition, we evaluaced other clinical
bndings in grder w define the common and variable
features of the syndrome. A molecular aunalysis of the
deletion in these SMS paticats was performed using
praximal 17p DNA markers and znalysis for DNA

Greenberg e al,

polymorphisms. To determine whether genomic im-
princing plays a role in che SMS phenotype, as has
been discovered o be the case for chromosome 15 in
the Prader-Willi and Angelman microdeletion syn-
dromes (Nicholls et al. 1989; Williamsetal. 1990), we
studied the parental origin of deletion in SMJ patients,

Subjects and Methods
Subjects .

Of the thirty-cwa SMS patients evaluated, 22 were
ascertained by the cytogeneticlaboratories and genetic
dinics ac Baylor College of Medicine, Denver Chul-
dren's Hospical, Ocegon Health Scicuces University,
and the University of Arizoaa a¢ Tucson, and 1€ pa-
ticnts were asaertained by other genctic ceaters. Most
patients were ascertained for dysmorphic features
and/or developmental delay, and chromosome analy-
sis demonstrated del(17)(p11.2). Six previgusly ve-
ported and 26 newly identified patients were evalu-
aced. Twenty of thetn were examined by ewo authors
of the present papec (F. Greenberg and J. R. Lupskil.
The clinical evaluations were dane by using standard-
ized focms which included demographic, aathro-
pometric, morphologic, developmencal, behawnoral,
slecp-habit, and neurologic findings. Nerve-conduc-
tion studies were perfarmed chraugh the local Musou-
lar Dystrophy Association (MDA) dinics. Data on
each of the patients were tabulated and entered iato
a daca base file by using a dBase {Il Plus® program.
Data on chromosome analysis, wncluding hugh-reso-
lution banding patteras for chramosome 17, were
available far all patients. Thicty-ane af the 32 patients
reported here had a deletion of proximal 17p, while
one patient (93-160) had a traaslacacion with one
breakpoint in 17p11.2. Thinty-one of the 32 patients

were aualyzed by mwolecular methods.

DNMNA Prabes

The probes used in the present study, their chro-
masomal location, the sestriction enzyme displayiag
polymorphisms, expected allele sizes, and source and/
or reference are listed in table 1. Peobe cH3 is a cosmud
identified from a library constructed from flaw-sorted
humaa chromasome 17 by usiag FG-1 {Guzzetta etal.
1991) (D175446) as a hybridization probe. A 300-bp
Tagl frapment containing a (G T )ig sequence was iden-
tified from cH3 and cluned into pTZI9R (pRM?-
(T, and the nucleatide sequence was obtained by the
dideaxy methad using Sequenase® (U.S. Biochemi-
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“Table |
IDNA Markers
Allele Size
Marker (Jocus) Locaton RFLP (kb) Refercnee
LEW301 (DI7S58) ..ovevenenee. 17¢cen-pll.2 Tagl 4.5¢3.1 Barker ct al. 1987
Bglll 10.0/8.0 Barker et al. 1987
FG1 (D175446) . oe.oeene... 17p11.2 Apal 12.0/7.5 Guzzecta eral. 1990
pPYNM6E7-RS (D17529).......... 17p1l.2 Tagl 3.4/2.0+1.3 Ray et al. 1990
Bglll 8.1/6.7 Ray ¢t al. 1990
1516 (D178258).....covirinieane 17p11.2 Hindlll 22.0/12+10 Patel et al. 19902
p1516-R4 (D175258) ............ 17p11.2 Mspl 3.3/72.4 Franco et al. 1390
pAl10-4]1 (D17571)...ccccoooie. 17p11.2 Mspl 2.4/11.9 Barker et al. 1987
Puull 3.2/3.0 Barker et al. 1987
pS6.1-HB2 (D175445) ........... 17p31.2 Mspl 1.7/1.3 Present study
1.1/1.0 Patel et al. 19906
Ss2) 12.2/7.1 Patel er al. 19904
VAW409R1 (D175122) ......... 17p11.2-p12 Mspl 5.3/127+2.6 Wright et al. 1990
VAW409R3 (D175122) ..c.cvn. 17pl1.2-pl2 Mspl 2.8/2.7/1.9 Wright et al. 1990
VAWA12R3 (D178125) ,oenneees 17p11.2-pl2 Mspl 10.5/5.4 Wright et al, 1990
EWA401 (D17S61) cecvvienriniinnns 17pl11.2-p12 Mspl $.214.4 Wright ec al. 1990
c1517 (D17S259).cciiivnicaaannn. 17pli.2-pl2 Mspl 6.2/4.0/2.4 Patel et al. 19904
VAWA410R1 (D175123)......... 17p11.2-p12 Bgit 2.1/2.0 Wright ec al. 1990
Tagql 10.0/9.4 Wright et al. 1990
EW40S (D175121)................ 17p11.2-p12 Mspl 2.0/1.5 Wiright et al. 1990
VAWA411R2 (D17S124) ......... 17p11.2-pl2 Mspl 10.5/6.1 Wright et al. 1990
Bglli 11.0/10.7 Wright et al. 1990
EW403 (D17863) .ccconnioennn... 17p11.2.pi2 Mspl 13.5/6.8 Wright et al. 1990
EWS03 (D17S€7) .... 17pi1.2-p12 Mspl 6.9/5.7 Wright et al. 1990
EWS02 (D17566} v ... 17p11.2-p17 Bg 2.2/1.4 Wright et al. 1990

cals). Flanking PCR primers were synthesized by stan-
dard methods and used to analyze (GT}), polymor-
phisms as described (Weber and May 1989). The
sequence of the priming oligodeoxynucleotide on che
GT strand of pRM7-GT is S“ATTATTTATTTTG-
ATGTCTGAACAC-3’, while thar of the priming oli-
godeoxynucleotide on the CA strand of pRM7-GT is

“CTTGGTGAAACGCTGTCTGTAC-3'. The lat-

er primer has homology to the Alu repeat sequence.
ter p has homology to the Alu rep

Southern Analysis and Densitometry

Southern analysis was performed as described else-
where (Patel et al. 1990a; Franco et al. 1991). Equal
amounts (5 pg) of digested genomic DNA were in-
cluded in each lanc to ensure reproduability of densi-
tometricsignal. All probes were labeled by the random
hexanucleotide priming method (Feinberg and Vo-
gelstetn 1983). If 2 marker was not fully informative
for RFLPs, the copy number was determined by dos-
age analysis of signals obtained by simultaneous hy-
bridization of the experimental marker and the marker
DR47, representing a single-copy sequence on chro-

mosome 9. The intensity of the bands in each lane was
quantified using an LKB 2400 Gel Ultrascan XL Jaser
densttomerer as described elsewhere (Franco et al.
1991). The analysis of segreganion patterns for alicles
atr the YNTR locus YNH24 (D2544) {(Nakamura et
al. 1987) demonstrated no instances of false paternity-

PCR and GT Repeat Polymorphism Screening

The unique sequence primer from the GT strand of
marker RM7-GT was end labeled ac 37°C inn a 15-ul
reaction volume containing 1.2 pM primer, 100 pCi
[v**P)ATP at 6,000 Ci/mmol, T x One Phor-All Plus
buffer (Pharmacia}, and 10 units polynucleotide ki-
nase (Pharmacia). The T4 polynucicotide kinase was
heat inactivated by incubating the reaction mixture at
65°C for 10 min. The end-labeled primer resulting
from the kinase reaction was used directy in the PCR
reaction, without separating the unincorporated nu-
cleotides (0.40 ul/reaction). PCR was performed us-
ing standard conditions in a 25-pl reaction volume.
The reaction mixture contained 1 pM of each oligo-
deoxynucleotnide primer, 250 pM each of dATP,
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dCTP, dGTP, and dTTP, 2.5 ! 10 x PCR buffer
{500 auM KCE, 120 mM Tris HCL (pH 8.0), 1.5 mM
MgCl,, and 0.01% gelatin), 0.63 units of AmpliTaq
{Cetus) DNA polymerase, and 0.4 ul end-labeled
primer, as stated above. The amplification conditions
were an ingial denatucation at 94°C foc § mim, [ol-
lowed by 30 cycles of 94°C denacuratian (I min),
$5°Cannealing{1 min) and 72°C extension (2 min)in
an automated thermal cycler (Perkin Elmer—Cetus).
Reacrion products (1.5 pl) were mixed with 2 ul for-
manide stop solution (U.S. Biochemicals) and electro-
phoresed in a €% polyacrylamide DNA sequencing
gel at 40 W for 3.5 h. Gels were dried and autoradio-
graphed for 2-12 h by exposing them to Kodak XAR-§
Glm with exther one or two intensifying screens at
—70°C,

Resuits
Clinical Spectrum of SMS

In the present series of 32 patienss, chere were 14
males and 18 females. The age range was 1 mo-72
ycars, with a mean of 15 years and a median of 10
years. The mean matemal age was 26 years, and the
mean paternal age was 30 years. The percentages of
findings for the most comman physical features of the
26 newly ascertained SMS patients we examined are
shown intable 2 and are compared with thase of che 27
previously reporied partients (Patil and Dactley 1584,
Smitk ec al. 1936; Stratton et al. 1986; l'opp et al.

Table 2

$MS (del 17p11.7) Physical Features

Greenberg et 3,

1987; Lockwood et al. 1988; Colley <t al. 1990;
Hamill et al. 1990).

The most cotumon physical findings were bzachy-
cephaly with flat midface, broad nasal bridge, brachy-
dacatyly, and short statuce {usually 2-3 SDs below the
mean for age). Clinical symptoms included failure ro
thrive in infancy and hmitation of mavement at the
elbaw, which in some cases was documented to be
associated with radioulnar synostasis. Common but
less consiscen physical abnormalities included promi-
nent forchead, synophrys, prognathism, posteriorly
crotated ears, low-set ears, and/ or athee earanomalies.
Abnoacmalities scen ia a smaller percentage of patients
were congenital heart defects { primarily ventricular ot
atrial septal defects) in 31% and cleft lip and palatein
7%. Less common findings included cutaneous syn-
dacryly of the fingers or toes, micrococnea, iris colo-
boma, and craaiosynostosis. Another uausual and
striking feature noted in the older children, adoles-

* cents, and adults was a hoarse, deep vaice, which was

noted in 82% of the patients in the preseat study.
Qf the 32 parients evaluated, pes planus or pescavus
was noted in 48% , and 24% had scoliosis. A coral of
17 (55%) of 31 pacicats had clinical signs, induding
significantly decreased or ahsenc deep-tendon reflexes
and insensitivity to pain, which suggested peciphera
neuropathy. A summary of the presumed neurapathic
changes and nerve-conduction studies in these pauents
is shawn in table 3. On the basis of previgus psydwe-
tnetric testing (in most cases), the SMS paaents
shawed varying degrecs af MR, with the majarity fall-

% of Proportion of Propartion (%) % of
Reported Reevaluated New Toxal
Physical Patents’ Patients Patients (L0
Fearyce (N = 21) (N = 6) (N = 26} (N=15)
Flae midface ..oooorereaniarinnnn. 95 6/6 24126 (92) 4
Beachycephaly.....oooeevancniinn 3s ¥/5 21426 (81) 83
Promincnt torchead.....oveiriions 81 1/6 16716 (61) &4
Broad nasal bridgr................ 76 4/6 23/26 (88) 3L
PrOMUNENE JaW ..oivrerncnnennvans 38 4/6 15726 (358) 5t
Ear abnormalities ....co.oviiion 67 5/6 17726 (65) &8
Brachydactyly ...oooveeeicniinvanes 8L 5/6 21726 (81) il
Limitaton at ¢clbow ....c...uies NE 36 §722123) »
Pes planus/cavus .................. NF. Y6 11/23 (48) 11
L7 LTSS —— NE 36 4r23{(17) o
Congenital heart defect .......... 38 1/6 6r21(29) k11

*NE = not specifically exandoed (or in ather studies.
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Table 3
Cliniaal Signs Suggestive of Peripheral Neuropathy and Peroneal NCY in |9 SMS Patients
STATYS OF
PeroNEaL
PATENT PesCavusoc Decreased or Inscasitivity Neave-CONDUCTION®
{Age in ycars) Pes Planus Scoliasis Absene DTR ro Pain Verocity (m/s)
35200 (8) .......... + + > + R39.4 and L43.9
36-203¢ (4) ......... + - - - 62.5
$7-206 (19) ........ + + ND ND ND
64239 (19) ........ + - + - ND
63-241 (14) ........ + + & 5t
66-244 (20) ....... - - - = ND
£7-246 (21) ........ + - " - 55
68248 (6) ......... - = + - 58
§9-251 (12) ........ + . + 59
71‘255 (l4' sesaeian + - = + ND
73-266 (1) .......... - - - + 50
78-28CG (2) .......... - - + + 64.7
79-283<(18)....... + + - - 65
$4-362 (22) ........ - + I = 44
$3-363 (49) . ......, + P - i~ 51
96-364 (26) ........ - - + - 49
100-389 {2) ........ + + ND ND ND
112474 (35)....... - * ND + ND
112475 (20)....0... 4 + - ND ND
* + = Present; — = abscat; ND = na determined.

* Nurmal value, expressed ay mean & 5D in 120 nerves frum 60 pacicnes wha were 16-34 {(mean 41} years and who had ne apparent
disezse of the peripheral nerves with site of stimulation below che knee, was 483 ¢+ 3.9 (Kimura 1989).
< Had no sigmficant signs of peripheral neuropathy, but peraneal nerve-canduction velocity was measured.

g wichin the smoderace vauge. Giher neurobehaviagral
abnormalities included infantile hypotonia, scizures,
devclopmental delay with speech delay greater than
motor delay, canductive hearing loss, and hyperactiv-
ity (table 4). Sixty-twa percent of patients had symp-
¢oms of a sleep disarder which manifested as difficuley
falling asleep, difficulty staying asleep, and frequent
awakening during the night. Both one previausly re-
parted patient (patieat 2 in Stratton et al. 1986) and
one of the present study’s patients (64-239) had ab-
sence of REM sleep, documented by polysvmunogra-
phy, Self-destructive behavior was noted in 67% of
patients. This behavior consisted of head bangung,
wrist biang, onychatillomania (pulling out fingemails
and toenails) and polyembolokoilamaaia {insertion of
foreign bodies into body arifices).

Several of the physical and behaviordl findings ei-
ther appeared to be more naticeable with increasing
ageor demonstrated an age-dependent penctrance; these
wcluded frontal prominence, prognathism, brachy-
dactyly, and the hoarse voice. In addition, facial fea-
tures appeared to <oarsea somewhatr with age. Al-

though onychoullomania was uncomnion under 5-6
years of age, in same patients self-destructive behav-
iars such as hcad banging and wrist biting wcee noted
as early as the second year of life,

Five paciears were of particular nocte. Patient 55-
200, a 9-ycar-gld severcly mencally recarded boy with
cleftlip and palate and congenital heart defect (paticnt
2 in Smith et al. £936), had clinical evidence of a
penipheral neuropathy including decreased deep-ten-
don reflexes in the arms, absent reflexes in che legs,
a stork-leg deformity of the legs, and prominent pes
cavus. Nerve—conduction studies showed 4 velucity of
39.4 w/s in the nght comman peraneal nerve and
45.9 m/sin the icft (table 3). The night and lcfr pero-
neal merve had increased distal latencies (R = 4.02
milliseconds; L = 3.12 milliseconds) and decreased
basc-t¢-peak amplicude (R = 1.5 K; L = 2.5 K).
Sural sensory-nerve responses were ahset bilaterally.
Parient 92-357 had del(17)Xp11.2p12) —a delction in-
volving 17p11.2 — but did not have a phenotype simi-
lar to those of the other patients, and the only consis-
tent findings were broad nasal bridge, short-stature,
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Table 4
5MS (del (7p11.2) Behavioral/Functional Features
% of Propartian af Propoction % of
Reported Reevaluaged (%) of New Toral
Padents* Pacient Pavients Pacienzs
Behavioral/Functianal Fescuces (N = 21} (N = 6) (N = 26) (N = 53)
Infantile hypotonia ....cccvvcacinnaans 71 215 8715 (§3) 66
SEZUCES reneeveroemriarrreeer e 32 15 $124 (1) 10
Short stature/ FTT Looooniicomnninens 41 36 21/23 (91) 78
Speech delay ..ovviieeeiieneirannrenens 92 474 21722 (93] 98
Conducrive hearing lo3s ...oovniees 58 475 12718 (67} 67
Hoarsc, desp vaice «ooovevveecvinnnae 62 415 15718 {65) 74
Hypesacavity c.oecieciiiiamniics 92 575 15/23 (63) 82
Sleep disorder .....cooiiieiiannne 31 1/3 15723 (65) 51
Passible peripheral neurapachy ... NE 475 13726 (50) 55
Self-desrcuctive behaviar L.voee. e 73 36 15724 (63} 20

! NE = not specifically examined foc in eaclier scudies (1.c_, Smth ec al. 1982, 1986; Dacil and Barzley
1984; Srractan e al. 1986, Popp «u al. 1987; Lockwaod e al. 1988; Calley t al. 1990; Hamill e al.

1990).
q

specch delay, hoarse voice, and hypecactivity. Padient
93-360 bad an appareatly balanced translocation -
46, XY,t(2:17)(p25.3;11.1), with a breakpoint in the
Smith-Magenis region —involving chromosome Z and
chromasome 17. He had relatively miid physical find-
ings similar to those seen in SMS patients and had
some behavioral peoblews, tncluding hyperactivity
withour self-destructive behavior. Panent 94-362 (pa-
tient 8 inSmith et al. 1986), 72 years af age at the time
of the present study, was notewaorthy for being the
oldest patient in our study. Pauent 112-474 was clini-
cally diagnosed as having SMS and subsequently was
conficmed, by high-resolution cytogenetic analysis, to
havedel(17)(pl11.2), demonstrating that SMS s a clin-
ically recognizable syndrome.

SMS s Associated with Oeletion of Proximal
17p DNA Markers

All the patieats reported here biad cytogenetic evi-
dence of a DNA rearrangement invalving 17pl1. Pre-
vious cytogenctic analysis revealed del{17)(pl1.2)
in all but three patients. Patient 93-360 had transla-
cation ®(2517)(p25.3p11.1) with one breakpoiac in
17p11, while two paticnts, 92-357 and 100-389, had
deletions that appcared to extend distally [del(17;
(p11.2p12)] by cytogenctic analysis. [n arder both to
define the deletion interval commoan to most SMS pa-
tients and to identify patients who had novel deletion
intervals, genomic DNA isulated either from peiph-
eral Iymphacytes ar from Epstem-Barr vicus—trans-

formed lymphoblastaid cell lines was examined by
Southern analysis using scveral proximal 17p DNA
markers as prabes. Each DNA marker dasplaysane ar
more RFLPs (cable 1} after digestion of genomic DNA
with che appropriate enzyme(s). RELP analysis wis
then used 10 determine delecion status, with pacencl
DNA being used as 2 control whea it was available.
Thedara are tabulared in igure 1. A plus sign indicares
the presence af the DNA marker, while a minus sgn
indicates deletion of that DNA marker in that patieat.
Aboldface plus or minus sign indicates a fully informa-
tive RFLP analysis, while the plain plus and minus
symbols indicate deletion status determined by mea-
suring the dosage of an allele by using densitoraetry

Five DNA markers —FG-1, pYNM67-RS, cliis,
pA10-41, and pS6.1-HB2 — were deleted i almaostall
SMS patients. These markers appear ta define a region
critical to the SMS phenotype. Analysis of the deletion
status of these aud additional 17p mackers in indivd-
ual SMS patients revealed the following: (1) atent
92-157 was deleted far the four markess pA104L,
pS6.1-HB2, EW401, and EW403 but not for FG-,
pYNM67-RS, or <1516, indicating a more distal dele-
ton when compared with the other patients. Thys,
these dara suggest that FG-1, pYNME7-15, zd
<1516 are proximal markers in the critical $M$ i
gion, that pAl10-41 and pS6.1-HB2 are distal in the
critical SMS region, and that EW401 and EW405 2
distal ta the SMS critical region. (2) Except for patient
92..357, the majoricy of thie patients were noc deleted
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Figure | Deletion status of 17p DNA markers in SMS patients. An idiogram illustraning both the short arm of chromosome 17 and

the relative position of individual markers is shown on the lefi. Marker order, from VAW409R 3 distal, is taken from the published generic
map of Wright er al. (1990), excepr for 1517, whose precise position with respect 1o flanking markers is not known. The order of markers
proximal to VAW409R 3 is from the present study and is based on the deletion analysis of SMS parients, especially 92-357, and of hybrids
DH110-D1 and MH22-6. Within the deletion interval encompassed by 1516, YNM67, A10-41, and S6.1HB2, the relative order of 1516
with respect to YNM67 and of A10-41 wath respect 1o $6.1-HB2 cannot be determined from this analysis, Informative analysis for marker
FG-1 (D175446) was determined by (GT). polymorphism analysis as in fig. 3. A blank space within the region encompassed by DNA
markers EW301-56.1-HB2 represents data which were not informauve. For most markers distal to VAWS09R 3, except for EW401 and
EW40S5 where patient 92-357 was deleted by a fully informative analysis, only fully informative heterozygous individuals are listed. If more
than one marker was used at a specific locus (e.g., c1516 and p1516-R4 at D175258; VAW409R1 and VAW409RI at D175122) or if
more than one polymorphism was recognized by a single probe (cig., EW301, pYNMG7-RS, pAl0-4], and pS6.1-HB2Z), a cumulative
deletion status was scored. The first two columns illustrate the results obtained with the 1 7p DNA markers by using human chromosome
17-retaining somatic-cell hybrids. MH22-6 retains an intact human chromosome 17 as ws only human complement, while 88HS retains
the distal portion of 17p with 2 breakpoint in the SMS region. The other 31 columns are from individual SMS patients. The ~ / + designation
at the $6.1-HB2 locus for patient 68-248 reflects an apparent deletion, by densitometry, with ane polymarphism but not with the other,
Further studies, using somatc-cell hybrids, are in progress.

for EW301, EW401, EW402, EW403, EW404,
EW405, VAW409R1, VAW409R3, VAW410R1,
VAW411R2, VAWA412R3, EW502, and EWS503.(3)
Patient 93-360 (with a 2;17 translocation) was found
not to be deleted for any of the markers studied. (4)
Patient 94-362, the oldest patient, appeared to be de-
leted for only one DNA probe, FG-1.

Parental Origin of Deletion

Since SMS is purportedly caused by a de novo dele-
tion of chromosome 17 in a parental gamete, we
sought to determine whether the deletion occurred

preferentially in the paternal or maternal gamete. Pa-
rental origin of the deletion was determined by follow-
ing the inheritance of polymorphic alleles, as shown
in figures 2 and 3. Examples of fully informative
Southern analyses of patients and parents are shown
in figure 2, while similar fully informative (GT), poly-
morphism analyses are shown in figure 3. The parental
origin of the deletion could be determined in 15 pa-
tients. The deletion was paternally derived in nine in-
dividuals and was maternally derived in six individu-
als. Within this group of 15 patients, there appeared
to be no significant clinical differences between indi-
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Parental origin of deletion in SMS patients. Genomic DNA from 13 SMS patients and their parent(s) was digested with

the indicated restriction endonuclesse and subjected to Southern analysis with the indicated probe. Panels 1-6, Hindl1l-digested DNA from
patienits $5-200, 57-206, 79-283 ,105-420, 110-468, and 115-479 respecuively, that was hybridized to 15186. Panels 7-10, Mspl-digested
DNA from paticnts 75-266, 65-241, 52-147, and 78-280, respectively, that was hybridized to p56.1-HB2, Pancls 11 and 12, Tagl-digesied
DNA from paticars 64-219 and 69-251, respectively, that was hybsidized to pYNM67-RS. Panel 13, Mspl-digested DNA from patient
92:357 thar was hybndized to EW403. The pedigree structure is shown above each autoradiograph. A wriangle above a symbol idensifies
the parent who was the origin of the deletion. The sizes of the alleles are shown on the left of each biot. The arrow depicts the deleted
allele in the SMS patient. The blots shown are the results obtained using a DNA marker that gave a fully informative analysis,

viduals wich paternally derived and individuals with
maternally derived deletions.

Discussion

SMS, associated with an interstitial deletion of the
short arm of chromosome 17, was first described in
1982. Although the number of padents reported is
relatively small, there are likely many unreported pa-
tients who will be ascertained with improvement in
techniques for high-resolution cytogenetic banding. In
Harris County, Texas, over a 2-year time period, we
have detected four infants with this deletion, sug-
gesting a minimum birth prevalence of approximately
1/25,000. Thus, SMS may be more common than
cri-du-chat syndrome (del 5p16) (Niehbuhr 1978),
which has an estimated frequency of 1/50,000, and
about as common as Prader-Willi syndrome (del

15q12) (Burd et al. 1990). On the basis of the fre-
quency of SMS, our preliminary investigations indi-
cate that this syndrome may be a relatively common
cause of MR, because of deletion of a specific chromo-
somal region.

As determined in the present study, clinical findings
in SMS patients were dysmorphic features including
brachycephaly, broad nasal bridge, mild synophrys,
posteriorly rotated or low-set ears, prognathism, and
brachydactyly. Clinical symptoms of the patients in-
cluded failure to thrive in infancy, short stature, infan:
tile hypotonia, developmental delay, and subsequent
MR with speech and language delay greater than mo-
tor delay. Variable features included cleft lip and/
or palate, congenital heart defect, microcomnea, and
craniosynostosis. Self-destructive behavior, partics
larly onychotillomania (pulling out fingernails or toe-
nails) was common in older individuals, Other self-
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Figure3  Parentalorigindetermined by (GT), polymorphism

at the D175446 locus. The (GT)a polymorphism associated with
the D175446 locus is shown for patients 108-429 and 114-476 and
their parents. Note that patient 108-429 has not inherited one of
the maternal alleles at this locus, while patient 114-476 has not
inherited one of the paternal alleles at this locus.
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destructive behaviors, such as head banging, wrist
biting, and polyembolokoilamania (insertion of for-
eign bodies into various body orifices) were less spe-
afic for this disorder. About two-thirds of patients
had sleep disturbance, and two patients studied by
polysomnography had absence of REM sleep.

Onychotillomania due to picking or manipulation
of the nails is a condition which has been reported (a)
in association with either delusion of infestation or
depressive neurosis or (b) as an isolated finding (Sait
et al. 1985; Colver 1987). SMS patients have more
severe manifestations of onychotillomaniain that they
have been observed to extract the entire nail from the
nail bed. The severe expression is probably related to
what has been observed in many SMS patients: relative
insensitivity to pain. This insensitivity to pain may
be a consequence of peripheral neuropathy, altered
emotional response to pain, or both. This type of ony-
chotillomania may be relatively specific to this dis-
order.

Absence of REM sleep is a rare disorder, and its
effects are uncertain (Hobson 1990). Although 62%
of patients in the present study had clinical histories
of sleep disorders, thus far only two patients have had
formal sleep evaluations; and both of these patients
were found to have absence of REM sleep, without
any exposures to medication. The behavioral abnor-
malities in SMS patients may be related to decreased
REM sleep. The observation of the absence of REM
sleep in SMS patients suggests that this may be due to
a loss of a gene, involved in sleep function, that maps

121§

to 17p11.2. The association between absence of REM
sleep and CMT 1A has previously suggested the possi-
bility that a gene associated with REM sleep is in prox-
imity to the CMT1A locus (Tandan et al. 1990),

RFLP analysis with polymorphic proximal 17p
DNA markers demonstrated five markers deleted in
the majority of SMS patients; these five markers are
FG-1 (D175446), pYNM67-RS (D17529), c1516
(D175258), A10-41 (D17S71), and pS6.1-HB2
(D175445), which define a region critical to SMS. Pa-
tient 92-357 was found to have a deletion which had
one breakpoint within the critical SMS region and
which extended relomerically, to involve DNA mark-
ers EW401 (D17561) and EW405(D175121). Results
obtained with this patient enabled us to order some of
the proximal 17p markers (fig. 1). Indeed, his pheno-
type had some overlapping SMS features, as well as
some unique features which likely result from genes
which map within the telomeric extension of his dele-
tion. The ranslocation (2;17)p25.3;p11.1) patient
93-360, although not deleted for any of the proximal
17p markers studied thus far, displayed subtle clinical
features of SMS, most notably the distinct behavioral
disturbances. This suggests that he may have a submi-
croscopic deletion within the region— but that it is not
encompassed by any of the markersused in the present
study. Alternatively, the phenotype may result from a
position effect secondary to juxtaposition of 17p11.2
genes to a different environment, or the translocation
may interrupt a single critical gene in this region. By
densitometric analysis, patient 94-362 appeared to be
deleted for only one proximal 17p marker; studies
using somatic-cell hybrids to confirm this finding are
in progress. Itis interesting that she is the longest-lived
patient and had less severe clinical problems, lending
support to our hypothesis that the extent of hemizy-
gosity in this patient may be lower than that in other
SMS patients, although we cannort rule out a crypric
translocation of some proximal 17p material in this
patient.

The DNA markers deleted in SMS patients are
linked to CMT1A (Raeymaekers et al. 1989; Vance
etal. 1989; Chance et al. 1990; McAlpine et al. 1990;
Middleton-Price et al. 1990; Patel et al. 19904,
1990b). CMT1A is the most commonly inherited pe-
ripheral neuropathy characterized clinically by (a) ab-
sence of deep-tendon reflexes, (b) distal muscle wast-
ing resulting in either pes cavus or pes planus and in
a claw-hand deformity, and (¢) distal sensory neuropa-

~ thy (Lupski et al. 1991a). CMT1A is characterized

electrophysiologically by decreased nerve-conduction
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velocity (Kimura 1989; Lupski ec al. 1991a). SMS
patients demonstrace dlinical signs suggestive of 3
peripheral neuropathy, but their peroneal motor-
nerve-conduction velocities were normal, except for
patient $5-200. Recently, we have demonstrated that
CMTI1A is completely linked and associated with a
[arge DINA duplicadon in praximal 17p, a duplication
which appears to cnoompass VAW4Q0IR3, VAW-
412R3, and EW401 (Lupski e al. 1991&). These
markers border the SMS deletion region. It is interest-
ing that patient 92-357 is deketed for EW4Q1, one of
the markers apparently duplicaced in CMT1A, and
yet displays no clinical signs of peripheral neuroparthy.

[n a number of human geneticdisgrders, the pheao-
typicexpression of the disease may depend an parecnal
or maternal inheritance of the mucation (Hall 1990).
It hasbeen hypothesized that genomic imprinting is an
epigenetic process that marks the pateraal or maternal
chromosomes involved in such parental cffects. Geno-
mic dnpanting has been implicated in Prader-Wills
and Aagelnan syndromes, both caused by cytagenen:-
cally indistinguishable deletions of bands ql11-q13 of
chromosome 135. Malecular studies appear to indicate
that, while Angelman syndrome is due to a deletion of
the matcrnal allele, Pradec-Willi syndrome is caused
by a deletioa of the patecnal aliele (Nichalls et al.
1989; Williams ec al. 1990). The extent to which im-
priating cffects on the human genome may be dis-
cerned theough the study of che pacental ocigin of che
delecad segment in microdeletion syndromes remains
0 be determined. We analyzed 15 SMS pedigeees by
analysis of DINA polymorplusms associated wich 17pl11
markerswhich were fully infarmative for pareatal oni-
gin of the deletion. Nine of the deictions were of pater-
nal origin, while six were of maternal origin. The clini-
cal phenotype was similac, regardless of pacencal
origin of the deletion. Although furches clinical studies
ace needed to investigate this hypathests, the vanabil-
ity of the SMS phenatype does nac appear ta be assaci-
ated with parental origin of deletion. These results are
similar ta those in a series of Miller-Dicker syndrome
patieats who have deletion of distal 17p (Dobyns ex
al. 1991).

In conclusion, in addition to the chacacteristic pre-
viously described features, SMS appearcs to be a con-
tiguous-geae microdeletion syndrome which is as-
sociated with del{17)(p11.2) and which can include
clinical signs of penpheral neuropathy, self-destruc-
tive behavior, and sleep disorders or abseace of
REM sleep. A DNA rearrangement leading ro the
deletion af several coatiguous genes in 17pl1.2 is

Greenberg et al.

likely the molecular mechanism undecdyiag de nova
del(17)(p11.2). [c s interesting that other DNA
arrangements wncluding duplications (Magenis et al.
1986) and wanslocations (Schrander-Stumpel et al.
1990) have been reported for the 17p11.2 region. A
complete physical map of 17p11.2 may be developed
by utilizing che present scudy's patients to consuuct a
delction wmapping panel—and then corelating this
with yeast artificial chromosame contigs and also with
a pulsed-field gel electrophoretic restriction map. This
should enabl¢ identification of deletion breakpoinsia
individual patients and is a2 means 10 examine mecha-
nisms of DNA rearrangements in maa. It will alo
enable both delineativa of specific genes which map
to this region and carrelation of the genotype with the
phenatype in individual SMS patients.

Acknowledgments

We are grateful ta the patients and families for their coap-
ecacion in this scudy. We zre indebred ta che following indi.
viduals fot evaluatioa and referral of individual patients and
speamens: . Altaasoa, |, Carey, I'. Chance, E. Hoyme,
R, Laxova, M. E. Fierpont, L. Stampien, T. Tacby,
B. Waeodis, and }. Zonaaa. We thank the fallowing cytage-
neticists for cytogenetic analysis on individual patienss:
H. Boyer, D. H. Ledbeiter, D. Lockwuad, L. McGavean,
and C,G. Palmer. Wethank D. Barkes and Y. Naksmuca for
providing probes. We are graceful ta Professuc | Ambrascol
Bowdoin College and Dr. R. A, Lewis of Baylor College of
Medicine for the derivation of the term “polyembolukailz-
mania.” We also thank L. G, Haway and R. L. Tanagha for
manusipt prepatacion. This work was suppocted w pirt
by a Musculac Dysteophy Association (MDA) Task Foree
on Genetics gran¢, by au Advanced Tedwmology Mvogram
geant from the Scate of Texas, by NIH grant R0 N§-27942
(all ta J.R.L. and P.1.P}, by Baylor Mertal Retardadon Re-
search grant HD24064-02, and by the Texas Childeen’s
Hospiral General Clinical Research Center (ENEH grant M0L
RR-00188). V.G. is a reapient of an MDA postdoctoral
(ellowship. ].R.L. abw acknowledges support from thePEW
Scholars Program ia Biomedical Sciences.

References

Ballabwo A, Bardoni Y, Carrozzo R, Andna €, Bick D,
Campbell L, Hamel B, et al {1939) Contiguous gene sye-
dromes duc ta deletiony in the distal share arm of the
human X-chromosome. Proc Natl Acad Sa USA 8¢
10001-10005

Barker D, Wright E, Nguyea K, Cannan L, Fain P, Goldge
0, Bishap DT, et ai (1987] Geae for vaa Recklinghaysia
neurofibromatosis is in the pericentromeric cegoa of
chromeseme 17. Science 236:1100-1102




Molecular Analysis of Smith-Magenis Syndrome

Burd L, Veseley B, Martsalf J, Kerbeshian J (1990) Preva-
keace study of Prader-Willi syadrome in North Dakota.
Am ] Med Gener 37:97-39

Chance PF, Bird TD, O'Connell P, Lipe H, Laloucl J-M,
Leppert M (1590) Genetic linkage and heterogencity in
type { Charcot-Marie-Tooth discase {hereditary marer
and sensory neuropathy type 1). Am | Hum Genet 47:
915-925

Colley AF, Leversha MA, Voullaire LE, Rogers |G (19590)
Five cases demonstrating the distinctive behavioral fea-
wres of chromgsome deletion 17{pl1.2p11.2) (Smith-
Magenis syndrome). J Paediatr Child Healch 26:17-21

Colver GB {1987) Onychocliomama. Br ] Denmnatol 117:
397-399

Dabyns WB, Curry CJR, Haymie HE, Turlingtan L, Ledber-
ter DH (1991) Clinical and molecular diagnosis of Miller-
Dieker syndrome. Am ] Hum Genet 48:584-594

Feinberg AP, Vogelstein B (1983) A technique for radiola-
beling DNA resuriction endunuclease fragments o bugh
specific activity. Anal Biochem 132:6-13

Francke U, Haeper JF, Darras BT, Cowan JM, McCabe
ERB, Kohlschiter A, Selczer WK, et al (1987) Congenical
adeenal hypoplasia, myupathy, and glycecol kinase defi-
ciency: molecular genetic cvidence for deletions. Am |
Hum Genet 40:212-227

Franco B, Lai LW, Panterson D, Ledbetter DH, Trask B,
van den Eugh G, lannacone S, et al (1991) Molecular
characterization of a paticnt with del{1Kq23-q25). Hum
Genet 87:269-277

Franca B, Rincon-Limas D, Nakamura Y, Patel PL, Lupski
JR(1990) An Mspl RFLP at the D175258 locus. Nucleic
Aads Res 18:7196

Guzzetta V, Montes de Oca-Luna R, Lupski |R, Patel PI
11991] {solation cf regron-speaific and polymorphic mark-
ecs from chcamosome 17 by restriced Al—palymerase
chain reaction. Genomics 9:31-36

Hall JG (1990) Genomic imprinting: review and relevance
0 human discases. Am J Hum Genet 46:857-473

Hamill MA, Roberts SH, Maguire Mj, Laurence KM (1990)
[nterstitial deletion of L7pl1.2: casc report and review,
Ann Gener 31:36-38

Hobson JA (1990) Slecp and drcamung. J Neurosci 10:371-
382

Tvens A, Flavia N, Williamson R, Dixon M, Bates G, Buck-
ingham M, Roberc B (1990) The human homeubox geae
Hox7 maps to chromosame 4pi6.1 and may be impl-
cated in Wolf-Hirschhorn syndrome. Hum Genec 84:
473-476

Kimuea § (1989) Elecuodiagnosis in diseases of nerves and
muscle: principles and pracuce, 2d od. FA Davis, Philadel-
phia

Ledbetter DH, Cavence WK (1989) Molecular cytogencucs:
irerface of cytogenetics and monogenic disorders. In:
Scriver CR, Beauder AL, Sy WS, Valle D (eds) The mcta-
bolic basis of inhericed diseases, §ch ed. McGraw Hill,
New York, pp 343-371

1217

Lockwood D, Heche F, Dowmaa C, Hecht BK, Rizkallak
TH, Goodwin TM, Allanson [ {1938) Chromosome sub-
band 17p11.2 deletion: a minuce deletion syadrome, [
Med Gener 25:732-737

Lupski JR, Garca CA, Parry GJ, Pacel P (19914] Charogr-
Marie-Toath pelyncuropathy syndrome: dinical, clectra-
physiological, and genetic aspess. In: Appel S (ed) Cur-
rent neuralogy. Masby-Yearbook, Chicago, pp 1-25

Lupski JR, Montes de Oca-Luna R, Slaugenkaupe $, Pentao
L, Guzzerta V, Trask B], Saucedo-Cardenas O, ec al
(1991b) DNA duplication associated with Charcot-
Made-Tooth disease type 1A, Cell 66:219=-232

McAlpine P], Feasby TE, Haha AF, Komatnicki L, James
S, Guy C, Dixon M, et al (1990) Lacalization of a locus
for Chaccot-Marie-Tooth neurapathy type [a (CMT 1A)
to chromasome 17. Genamicy 7:408—415

Magenis RE, Brown MG, Allen L, Reiss | (1986) De novo
partial duplication of 17p (dup(17 {p12—~p11.2)}: clinical
report. Am § Mad Gener 24:415-420

Middleton-Peice HR, Harding AE, Monteira C, Beraano J,
Malcolm § (1590) Linkage of hecedicary mator and sea-
sary neuropathy type [ to the pericentromeric region of
chrumosome 17. Am ] Hum Genet 46:92-94

Nakamura Y, Leppert M, O'Canacll P, Wolff R, Holm T,
Culver M, Martin C, et al (1987) Vanable number of
tandem repeat (VNTR) markers for human gene map-
ping. Science 235:1616-1622

Nicholls RD, Kaoll JHM, Butler MG, Karam §, Lalande M
(1989) Genetic impninting suggested by muternal hecero-
disomy in non-deletion Pradec-Willi syndrome. Nature
342:281-285

Nicbuhr E (1978) The cri-du-chat syndrome: cpidemialogy,
cyrogenetics and clinical leactures. Hum Gener 44:227-
275

QOverhauser ], Bengissoa U, McMahan ), Ulm |, Butdler MG,
Santiago L, Wasmuch |7 (1989) Prenaral diagnosis aad
carrier detection of a crypuc translucation by using DNA
markers from the short arm of chromosome 5. Am ) Hum
Genet 45:296-303

Patel PI, Franco B, Garcia C, Slaugenhaupt SA, Nakamura
Y, Ledbetter DH, Chakravam A, et al (1990a) Genetic
mapping of aurosomal dominant Chatcat-Marie-Tooth
discase in a large French-Acadian kindred: ideanfication
of new linked markers on chcomasome 17. Am | Hum
Genet 46:801-809

Patel Pl, Gaccia C, Moutes de Oca-Luna R, Malamut RI,
fraaco B, Slaugeataupt §, Chakravaru A, <t al (19904)
Isalation of a marker linked 10 the Chaccot-Marie-Tooth
disease type 1A gene by differenual Alu-PCR of hutnan
chromoseme | 7-retainiag hybrids. Am | Hum Genet 47:
526-934 ’

Patil SR, Bartley JA (1984) Interstitial deletion of che short
arul of chromosame 17. Hum Genet 67:237-218

. Popp DW, Johnson CP, Stratton RF (1987) An addicional

case of deletion 17p11.2. Au | Med Genet 26:493-495
Raeymackers P, Timmerman V, De Jonghe P, Swerts L,



1218

Gheuens |, Martin J-J, Muylle L, ec 2l {1989) Localizacion
of the mutation in an extended family with Charcot-
Marie-Tooth neuropathy (HMSN I). Am | Hum Genet
45:953-95¢8

Ray R, Rincoa-Limas D, Wrighe RA, Davis SN, Lupsk:
JR, Patel P1{1990) Three polymoarphisms at the D17529
locus. Nudleic Aads Res 18:4958

Sait MA, Reddy BSIN, Gars BR (1983} Onychotillomania.
Denmatologica 171:200-202

Schmickel RD (1986} Coatiguous gene syndromes: a com-
ponent of cecogaizable syadcomes, | Pediate 109:231-
241

Schrander-Stumpel C, Schrander |, Fryns JP, Hamers G
{1990) Trisomy 17p due w a (8;17)(p23;pll.2) pat
translocauon: case report and review of che licerarure.
Clin Gener 37:148-152

Smith ACM, Mc¢Gavran L, Robinson |, Waldstein G, Mac-
farianc ], Zonona J, Reiss ), ct al (1986) Intcrstitial dele-
vion of (17)(p11.2p11.2) in nine patients. Am ] Med
Genet 24:393-414

Smith ACM, McGavraa L, Waldstein G {1982) Deleuon of
the 17 short arm in two patients with facial clefts. Am )
Hum Genet 34 [Suppl]: A410

Stcatton RE, Dobyns WH, Greenberg ¥, DcSana JB, Moore
C, Fidone G, Runge GH, ex al (1986) [nterstidal deletion
of (17Xpll.2p11.2]: reportof six additional paticnts with
2 new chrumosome deletion syndrome. Am ] Med Genet
24:421-432

Greenbecy et al.

Tandan R, Taylor R, Adesina A, Sharma K, Frics T, Pen
dlebuey W (1990) Benign autesomal dominanc syndrome
of ncuronal Charcot-Marie-Toath discase, ptosts, parkia-
sonism, and dementia. Neuralogy 40:773-779

Vance JM, Barker D, Yamaoka LH, Stajich |M, Lopres
L, Hung WY, Fischbeck K, et al (1991) Localization of
Charcot-Marie-Tooth diseasc type 1A (CMT1A] tachuo-
mosome 17911.2, Genomics 9:623-628

Vance [M, Nichalson GA, Yamaoka 1LH, Stajich |, Seewart

CS, Speer MC, Hung WY, et al (1989) Linkage of
Charcot-Marie-Toadh neuropathy type la to chromo-
some 17. Exp Neurol 104:186-189

vanTuwinen P, Rich DC, Summers KM, Ledbetcer DH (1987)
Regioral mapping panel for human chromosome 17: 3p-
plication to neurofibromatosis rype 1. Genomics 1:374-
381

Weber JL, May PE (1989) Abundanc class of human DNA
polymorphisms which ¢an be typed using the polymerase
chain reaction. Am | Hum Gener 44:388-396

Williams CA, Zori RT, Stonc JW, Gray BA, Canw ES,
Ostrer H (1990) Marernal ocigin of 15q1-13 deletions
i Angelman syndrome sugpests a role for genomic im-
printing. Am ] Med Gener 35:350-353

Wright £C, Goldgar DE, Fain PR, Barker DF, Skolnick
MH (19%0) A genetic map of human chromosome 17p,
Genomics 7:103-109




Csil, Vol. 88, 219-232, July 26, 1391, Copyright © 1991 by Call Press

DNA Duplication Associated with
Charcot-Marie-Tooth Disease Type 1A

James R. Lupski, “t° Roberto Montes de Oca-Luna,”
Susan Slmsgenhaupt,? Liy Pentag,* Vito Guzzetia,*
Barbara J. Trask,’ Odila Sau¢eda-Cardenas,*
David F. Barkes,l Jamaes M. Killian,#

Carlos A. Garcig, "* Aravinda Chakravarti,*
and Pragna {. Pate|"°

*Ingtitute for Malecular Genetics

*Human Genome Center

TDepariment ot Pedialrics

#0epanment of Neurology

Baylor College of Medcing

Houston, Texas 77030

$Departments of Human Genelics and Psychiatry
University of Piasburgh

Pittsburgh. Mennsylvania 15261

$Bigmedical Sciences Division

Lawrence Livermore National Labaralories
Livermore, California 94550

Departmem of Medical Intormatics

University of Utah Schaol of Medicine

Salt Lake City, Utah 84130

““Departrments of Neurology and Pathclogy
Louisiana State University

New Qrieans, Louisiana 70112

Summary

Charcot-#arie-Tooth disease type 1A (CMT1A) was
localized by genetic mapping toa 3 ¢M interval on hu-
man chromasome 17p. DNA markers within this inter-
val revealed a duplication that is completely linked and
associated with CMT1A. The duplication was demons
strated in affected individuals by the presence of three
alleles et a highly polymorphic locus, by dosage differ-
ences at AFLP alleles, and by two-calar iuorescence
in situ hybsidization. Pulsed-field gel electraphoresis
of genomic DNA from patients of different ethaic ort-
gins showed a novel Sacll fragment of 500 kb associated
with CMT1A. A severely atlected CMT1A offspring
from a mating between two affected Individuals was
demonstirated to havethis duplication present oaneach
chromosome 17. We have demonstrated that failure to
recognize the molecular duplication can lead to misin-
terpretation af marker genofypes for atfected individu-
als, identification at false recombinants, and incormrect
lacalization aof the disease locus.

Introduction

Charcot-Marie-Taoth dissase (CMT) is an inherited pe-
tripheral neurgpathy in hurmans with invalvement of both
the motor and sensory nerves (Charcot and Marie, 1886;
Lupski et al., 1991) and a prevalence rate at 1 in 2500
(Skre, 1974) Maost tamilies demonstrate autosamal domi-
narm Mendelian segregation, although autosomal reces-
sive and XHinked farms of the disease have been reported
(McKusick, 1990). The mgst common farm of the disease,

GMTtypa 1{CMT1), is characterized by distal musdle alro-
phy, decreased nerve conduction velocities (NCV), and
a hyperrophicneuropathy on nerve biopsy. CMT1isinher-
fted as an autosomal dominant disease, the clinical ex-
pression of which is age dependsnt and the peretrance
of which is nearty complete {8ird and Kraft, 1978). The
average age at onset of clinical symptoms is 12.2 + 7.3
years. Racent studies provide canvincing evidence that
abrnormal NCV (<40 mis) 1s highly diagnastic of CMT1 and
is a 100% penetrant phenotype thatis essentially indepen-
dent of age {Lupski et al., 19391),

CMT1 displays marked clinical variability both within
and between families, suggesting genetic heterogeneity.
Since the molecular basis of his disgrder is unknown,
linkage studies are indispensable for mapping the gene(s}
responsible for CMT1 and 1o ascertain whelher multiple
genes, multiple alleles, ar bath lead o tha clinical variation
in symptoms. Genetic linkage studies in large pediyrees
(see Lupski et al., 1991, for review) suggest the existence
of at least three distinct loci causing CMT1: the CMT 1A
lacus maps to human chromasome 17 (region p11-p12)
(Vance et al., 1989; Raeymakers et al., 1989, Middieton-
Price et al., 1990; Timmerman et al., 1990: McAlpine et
al, 1990, Charwe et al., 1390: Patel et al ., 19902, 1990b;
Vance et al, 1991); the CMT1B locus maps 10 human
chromosome 1 (region y23-929) (Bird et al., 1982); and 3
third lype 19 unlinked to both the CMT 1A and CMT1E logi
{Chance et al,, 1920}

These studies provide the basis tor isolating the dissase
gene(s) by virtus of map position Pagsitional claning exper-
iments can be aided by the existence of patients with spe-
cific chromosomal DNA rearrangements. However, no
chrgmosomal anaomaly, indicative of genomic DNA re-
arrangement, has been described in CMT 1A patients. We
have naw idemtified a DNA duplication in CMT1A. By a
series of molecular and genetic methods, we demanstrate
complete linkage and association of this duplication in
seven multigeneratianal CMT 1A pedigrees and in several
igolated, unrelated patients. The DNA duplication is trans-
mitted to affected offspring without recombination, but faik
ure larecagnize this duplication leads to incorrect interpre-
tation of the marker genotypes of atfected individuals and
an incorrect localization of the disease gene. The discav-
ery ot this DNA rearrangement is an imparant step toward
the identification of the gena(s) involved by positional clan-
ing and has implications for discase diagnosis in individu-
als withgut a firm family history. Our findings implicate a
local DNA duplication, @ sggmental trisomy, as a navel
mechanism for an aulosomal dominant human disease.

Resulls -

RFLP and Family Studies

Seven large families segregating aulcsomal dominant
CMT1, as avidenced by vertical male-to-male transmis-
sion, weredentitied. Six of these families, HQU1 {Patal et
al., 1990a), HOU2, HOU42 (Patel et al, 1990b), HOUS85,
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Figure 1. (GT). Genotypes at the 0175122 Locus for Kindreds Segragating Autasamal Dominani CMT1A

HQU?, HOU2 (Kilian and Kloapfer, 1979), HQU42, HOUBS, HOUSS, and HOUBS ure of French-Acadian descant while HOU7Z6 is of Ashkenazs
Jewish descent Standard pedigres symbals are usedd. disease is indicatad oy the darkensd symbols. The laboratary identification number and the
(G genotype of each individual are indicated below the pedigree symbals. {GT). genatypes were oblained by PCA analysis and were scored 1of
the number of visible alleles using a slandardized coding system: A = 165bp. B = 1635p.C = 161bp. D = (59bp, € = 157 bp, F = 155 bp.
G - 153 bp When a single allele was evident in an individual, it was scored as being present in two copies. Dala wore soared blind 1o dissase
status, and s£aring was confirmed by twg othar investigalors. Caretyl inspection af the re!alive intensity af the Mendalian inharitance of pach alele
w3s conduttec to availd scoring ol shadow bands 3§ aleles. The Number of Migles avident in an atfected Indivigual depands on (ha numbev of
distinggshavole alieles segreqgating in the parens, In Cases where all lour pareatal chrmmasamags £an bR cieirquished (e .g., unatiacied tathw 149
genatype FG anu aflecied muther 1:9 genalype ABC), the hiee alleles in Ihe atfectsd sans (1-153 and 1-37 ABG; 1-38 ARF) can b easily visualizod:
On tiie ather hand, in HOU7G the atfected falhver 76-270, with genatype BCE. and his unaftected spouss . 76-271. with geniotype OF have an aftectad
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Table 1. LOD Scores between Chromosoms 1q and 17p Markers angd CMT14

Recompination Value

Marker 0.00 005 0.19 Q.20 030 0.4 8 2

FcrRll - -16.17 -942 -~ 3.66 -1.20 -0.16 0500 9.00
LEW301 14.74 1158 1195 §.90 565 236 0000 14.74
YNME7-A5 - 9.47 872 €67 425 178 0023 $.66
18186 1589 1463 13.24 10.16 5.7% 317 Qo 15.89
Al10a1 - 1028 959 1,46 492 227 0.03% 1035
56 1-HB2 - 1269 1211 973 5.59 310 0,048 1270
1517 ~- 15.17 1371 10.26 547 26s 9012 1584
MYHZ —w 1.10 28 3.56 281 1.45 Q180 3.58
1541 - -157 117 269 238 127 Q222 272

HOU88, and HOUBY, are of French-Acadian arigin, while
HOU76 is an Ashkenazic Jewish tamity (Figure 1). To ac.
Curately map the CMT 1A gene in these pedigrees, 17 DNA
patymaorphisms localized to the proximal region of chromo-
some 17p ard & highly polymarphic marker gn chromo-
some 1qwee studied. In view of the dermonslrated genetic
heterogeneity, we required that each tamily provide inde-
pendent evidence of linkage lo a specilic chromosamal
region. Initial linkage analysis was restricted 1o the large
famuiies HOU 1, HOUZ, HOU42, HOUABS, and HOUI89 (Fig-
ure 1). Famities HOU76 and HOUBS were too small 10
include or exclude linkage te a specific location but were
usefu! in the association study described below.

The pooled evidence for linkage (LOD scores) from all
five pedigrees, the maximum likelihogd estimates of the
recombination value (8) between CMT1 and various ge-
netic markers, and the peak LOD scores (<) for nine toci
are shown in Table 1. The immunoglobulin receptor FeyAll
on chromesome 1q shows complete linkage 10 CMT1 in a
large indiana kindred (R. Letw, personal communication)
and is diagnostic of CMT18. None af our families show
linkage to Feyall (8 = 0.5, 2 = 0.0, Table 1). Individually,
sach pedigree showed negative LOD scorgs (ddata nat
shawn), and together these families exclude linkage ta a
region 20 recambination units (6 = 0.20) on eithagr side of
FeyRAll.

Linkage analysis was performed using the 17p probes
LEW301, YNMG7-RS, 1516, A1041, S6.1-HB2, 1517,
MYH2. and 1541, All markers except 1541 showed LOD
scofes exceeding 3.0 (Table 1), and alt loc| except MYH2
and 1541 showed recombination values of 4.8% or less,
demansicating tight linkage of the disease o the 17p re-
gion. Each individual family, excepl HQU42, showed a
LOO scaore of 3.0 or greater with one or marg DNA markers
in this region (data not shawn); HOU42 showed a peak
LOD scare of 2.9 at§ = 0 with the DNA probe YNM6E7-RS.

Statistical tests on all the marker data suggested that the
disease locus in these lamilies mapped to the same loca-
tion on¢chromesome 17p and segregated CMT1A. For lur-
ther caniirmation, we calculated (he peak multipaint LOD
scare for each family, including HOU42, with respect to
the map LEW301—-YNMB7-R5—A10~41—-MYHZ using
the computer program CRI-MAP; these LOD scares werg
6.27,3.79, 398, 4.26, and 4 84 lor HQU1, HOU2, HOU42,
HOUBS, and HOUBY, respectively, and contirmed their
classification as CMTIA families.

The DNA prabes MYH2 and 1541, lacated on distal chro-
mosome 17p, demonstrated locse linkage (o CMT; conse-
quentiy, multiple recomblinants between the disease and
these markers are observed in each family. On the other
hand, only five recombinants ware detected for the mark-
ers closely linked to CMT1A. Of these, LEW301 and 1516
show no recombinants. However, individual §9-401 in
HQOU8Y is recombinant for YNM67-RS, individual 85-326
in HOUBS is recombinant for A10-41 and $6.1-H82 {same
event detectad), individual 1-13 in HOUT is recombinant
for S8.1-HB2, and individual 2-448 and gne of the spouses
af 2-439 in HOU2 arg recombinant for 1517 The arder of
the dosely linked 17p DNA probes is LEW301 —(YNM67-
RS, 1516)—(A1041, 56.1-HB2)~1517 and covers a dis-
tance of 8.9 ¢M. Thae five families contain approximately
108 meiosas, which far the LEW301-1517 interval shauld
cantain 9.7 = 3.1 recombinants. The observed number of
recombinants (5) is well within expectations {x* = 2.30, 1
degree of fraadom, P > 0.10). These recombinants sug-
gest that CMT1A s localized between LEW301 and 1517,
which corr@sponds to an interval of apgroximately 19 mil-
lion bp, assuming that recombiretian is unitorm in the hu-
man genoma. n the follgwing section we report isglation
of a highly informative (GT). polymorphism that detects
multiple alleles in CMT1A4 patients. Genotypes al thislocus
are also provided in Fwgure 1,

Fon, 76-272, of apparent gonatype BE, but Showe 2 doutie dosd tor allete E. Since gosage dilferences wore nol aiways reproducitle from PCH,
w5 scorad absolne number o aEIRS visualized on the autorediograph. The disease status of 3 alawsk individuals was determined by NCV
measurements with the exceqlion of individuals 125, 146, 147, 1-72, 1.73, and 1-74. who weie diagnosed by chnical sxamination only Note the
nuclear tamily of indiy'duals 42-331, 42-332, 42-333, where a mating accurs betwesrt two affected individuals. CMT1 A segregates with the: alleles
A and E m HOUZ. HOU42, and HOUSS, with alleles A and B in HOUN, with alleies C and U in HOUBS and HOUSS, and with alleles B and E in

HOU76.
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Figure 2. Detection of Three Alleles with the Marker RM11-GT in CMT
Patients

(GT), genotypes pbtained by PCR analysis were scored as described
in the fegend o Figure 1. The genotypes are indicated below the pedi-
grees, with the slash indicating the pair ol alleles segregating with
CMT1A in each nuclear family, Shadow bands that ditfer fram the
primary bands in size by multiples of 2 bases are invariably seen with
dinucleotide repeat polymorphisms, however, even withou! special
precautions it is possible 1o read the genotypes unambiguously (We-
ber, 1990). (A) represents a nuclear family where CMT1A patients
88-338 and B8-340 exhibit three (GT), alleles. The patients 88.339 and
88.380 are partially informative with respect 10 the. number of (GT).
alieles, bul the higher intensity of allele E in aach of these patients
suggests a double dase for this aliele. (B) shows inheritance of three
alleles in CMT patients from a nuclear family of Ashkenazic Jewish
descent, in contrast lo the cther families, which are of French-Acadian
descent.

A (GT). Polymorphism at the D175122 Locus
Demonstrates a Duplication Associated
with CMT1A
We screened CMT1A-linked 17p DNA probes for the pres-
ence of simple sequence repeats such as (GT),, which
are known to be highly polymorphic and can be rapidly
analyzed by the polymerase chain reaction (PCR) (Weber
and May, 1989, Littand Luty, 1989), (GT), sequences were
identified in several probes, one of which, RM11-GT, was
identified from VAWA409R1 located at the D175122 locus
(Wright et al., 1990). This marker maps to 17p11.2-p12
and is also closely linked to CMT1A (Vance et al., 1991).
The five large French-Acadian pedigrees segregating
CMT1A and the two small kindreds of French-Acadian
(HOUB8) and Ashkenazic Jewish (HOU7E) descent were
genotyped for RM11-GT. Genotype data from two nuclear
CMT1A families within HOUSB8 and HOU76 are shown in
Figure 2. These data demonstrate a striking observation:

six of eight CMT1A individuals show three (GT), alleles
(e.g., individuals 88-340, 76-352), but all unaffected indi-
viduals are either homozygous or heterozygous for (GT),
alleles. In certain matings, only two (GT), alleles were seg-
regating and thus only two (GT), alleles could be detected
in the affected child. However, careful examination of the
autoradiograph often revealed that one of the two (GT),
alleles was present in two copies (e.g., 88-339, 88-380 in
Figure 2A). These data indicate that CMT1A patients of
French-Acadian (Figure 2A) and Ashkenazic Jewish (Fig-
ure 2B) descent have three copies of the D175122 locus,
suggesting a duplication of this locus in CMT1A patients.

Genotypes for RM11-GT for all seven CMT 1A pedigrees
are shown in Figure 1 and demonstrate that three RM11-
GT alleles are present only in affected individuals and are
never observed in 53 unaffected offspring and 31 unat-
fected spouses. The transmission of this duplication is also
highly specific. By considering all completaly informative
RM11-GT matings, such as ABC x DE, we observed 45
cases of transmission of the duplicated allele from affected
parents to affected offspring and 18 cases where the al-
fected parent transmitted a single allele to their normal
offspring. In these matings, none of the unaffected ofi-
spring received the duplicated DNA segment and none
of the affected offspring received a single aliele from the
affected parent. Thus, in 63 fully informative meioses the
duplication was faithfully transmitted 1o the affected off-
spring and without recombination with the normal chromo-
some (LOD score, Z = 18.86 at 6 = 0.0).

Daosage Differences at an Mspl RFLP Detected by
Probe VAW409R3 at the D175122 Locus Confirm
the CMT1A-Specific Duplication

The demonstration of three copies of D178122 in CMTI1A
patients by (GT), allele analysis led us to examine the
dosage of polymorphic Mspl alleles at this locus. Two Mspl
restriction fragment length polymorphisms (RFLPs) are
detected by the marker D17S122 (Wright et al., 1989;
Vance et al. 1991) by Southern blot analysis using 11 kb
(VAW409R1) and 2.1 kb EcoRI (VAW403R3) subclones of
phage VAWA409 as standard two- and three-allele RFLPs,
respectively. Dosage differences that followed Mendelian
inheritance were observed in CMT1A patients using the
probe VAW409R3, as shown in Figure 3.

The Mspl genotypes in a nuclear family of pedigree
HOUBS5 are shown in Figure 3A. The unaffected father
(85-301) has genotype BB, and his unaffected daughters
(85-326 and 85-312) have genotype AB. The affected
mother (85-302) and her affected sons (85-303 and 85-304)
also have genotype AB, but inspection of the autoradio-
graph shows clear dosage differences between the two
alleles such that 85-302, 85-303, and 85-304 have geno-
types AAB, ABB, and ABB, respectively. The VAV_V409F!3
genotypes in Figure 3A also show that the CMT1A chromo-
some harbors both an A and a B allele and that the AB
combination segregates in a Mendelian fashion.

Comparative Southern analysis of eight unrelated
CMT1A patients (Figure 3C) and control individuals (Fig-
ure 3D) with the probe VAW409R3 is also shown. The most
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Figure 3. Southern Biot Analysis Demon-
strates Dosage Differences of Polymorphic Al-
leles in CMT1A Patients
(A) Southern analysis of Mspl-digested geno-
mic DNA from a nuclear family (HOUBS) with
the probe VAW409R3 (D175122). Southern
analysis was conducted on 5 ug of genomic
DONA as cescribed (Patel et al, 1980a).
Squares and circles represent males and fe-
males, respectively Note the dilference in the
- relative intensity of alleles A and B in CMT pa-
tients (85-302, 85-303. 85-304) versus unal-
fected individuals (85-301, 85-312, 85-326).
(8) Southern analys:s with 2 probe from outside
the duplication region. The Southern biot from
(A) was rehybridized with the control probe
10-5, mepresenting the my y chain lo-
cus in 17p13 (Schwariz et al. 1986, Nakamura
et al., 1988). No difference in the intensity of
the polymorphic alleles was noled.
(C) Southem analysis of Mspl-digested geno-
e mic ONA from eight unrelated CMT1A patients
with the probe VAWA409R3 (D175122). Note
the presence of three polymarphic alleles in

ianes 1-3. This ganatype clearly illusirates the duplication, bul was observed in only 3 of 131 CMT1A patients. Lanes 4-8 show individuals who
had two polymorphic alleles and in whom a duplication could be discerned by noting the difference in the relative intensity of one allele when
compared 1o that of the ather allele, This Southern blot was rehybridized with a control VNTR probe, YNH24 from chromosome 2 (Nakamura et
al., 1987), and showed no difference in the intensity of the polymorphic alleles (data not shown).

(D) Southemn analysis of Mspl-digested genomic DNA from eight control individuals with the probe VAWA408R3. Note the lack of dosage ditference

Batween alleles in all ndwiduals,

common examples of informative CMT1A individuals are
shown in lanes 4-6 (genotype ABB) and lanes 7 and 8
(genatype AAB). The presence of an extra allele can be
noted in individuals of AAB and ABB genotypes by com-
paring the ratio of the hybridization signal for one allele
to the other. Lanes 1-3 in Figure 3C represent CMT1A
individuals who were fully informative for the RFLP and
demonstrated three polymorphic alleles resulting in a ge-
notype ABC. Three copies of the allele could also be noted
in affected individuals of genotype AAA or BBB when the
signal from a control probe was used for normalization
(data not shown).

Ta confirm this observation, 103 CMT1A patients from
seven families (Figure 1) as well as 26 other unrelated
patients were examined by Southern blol analysis with
VAW409R3. Dosage of alleles was determined by visual
examination and densitometry of autoradiographs or by
quantitation of total radioactivity in each allele using a Be-
tascope analyzer (Sullivan et al., 1987). Dosage was deter-
mined only in individuals who were helerozygous for the
RFLP since the results were most reproducible and reli-
able in such cases. Seventy-six CMT 1A patients were het-
erozygous for this RFLP and were conclusively demon-
strated o have three copies of the D178122 locus. In con-
trast, none of 63 controls (27 unaffected at-risk individuals
with normal NCV and 36 controls with no family history
of CMT) who were heterozygous for this marker showed
dosage differences for this RFLP, suggesting that the ge-
notype with dosage differences was specific to CMT1A
patients (y® = 48.72; P < 10°%). Similar dosage differences
were observed with the marker VAW409R1 (data not
shown).

Demonstration of Two (GT), Alleles in Mspl
Fragments Showing Dosage Differences

We next demonstrated that the Mspl alleles present in two
copies by dosage differences in CMT1A patients contain
two (GT), alleles, using preparative gel separation of the
polymorphic alleles (Bedford and van Helden, 1990). Mspl
alleles revealed by VAW409R1 (D175122) showing dos-
age differences in CMT1A patients, and from which the
marker RM11-GT was derived, were separated on agarose
gels and used as templates for PCR _amplification of
RM11-GT. The analysis required affected individuals to
have three distinguishable (GT), alleles and that these indi-
viduals be helerozygous for the Mspl RFLP.

Figure 4A displays representative data from a nuclear
family within kindred HOU42. The unfractionated genomic
DNA from these individuals as well as their separated Mspl|
allelic fractions were genotyped for RM11-GT. Figure 4B
indicates that in each instance, a patient with a polymor-
phic allele of double intensity had two (GT). alleles,
whereas a single (GT), allele was evident in the other poly-
morphic allele showing normal intensity in the patients and
in all unaffected individuals.

Homozygosity for the Duplication Mutation

in a Severely Affected Individual

A severe clinical phenotype has been previously reported
in an individual who was the product of a eonsanguineous
mating between first cousins affected with CMT and hy-
pothesized to represent homozygous expression of adom-
inant gene for CMT (Killian and Kloepfer, 1979). A small
nuclear family within pedigree HOU42 (Figure 1) demon-
strated a mating between two affected individuals. One of
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Figure 4. Demonstration of Two (GT). Alleles in Polymorphic Mspl
Fragments at the D175122 Locus Showing Double Dosage by Allele
Separation
{A) A 53 kb Mspl fragment rom within VAW40SR 1 at the D17S122
locus was hybridized 1o a Southemn bilot of Mspldigested DNAs from
a nuclear family from HOU42. The RFLP genotypes based on dosage
of alleles are indicated at the top of the autoradiograph. Measurement
of 10tal counts in each band Using the Betascope analyzer (Sullivan et
al., 1987) confirmed this visually determined genatype. Note that the
affected individuals 42.218 and 42-225 have two copies of the A aliele
and one copy of the 8 allele  Examination of Mendelian inheritance in
this kindred indicated thal the disease segregates with the alleles AB
(B) An agarose gel similar 1o thal in (A) was prepared, and the regions
corresponding 1o afleles A and B, respectively, were cuf out and the
allelic fractions genotyped for (GT), alleles as described in Experi-
mental Procedures. The products obtained with undigested DNA from
each individual are shown in the lanes identified by the Wdentification
number of the individual, and those obtained from the corresponding
A and B alleles are shown in the lanes marked A anc B. Note that the
A aflele of individual 42-218 and 42-225, which is present in two copies.
shows two (GT)., alieles while all other alleles are present in a single
copy and shaw one (GT), allele.

the two affected offsprings of this mating (42-333) demon-
strated a severe clinical phenotype including early onset
(<1 year) and markedly reduced motor NCV (~10 m/s vs.
affected 20-40 m/s; unaffected >40 m/s). Examination of
the segregation of 17p markers in HOU42 demonstrated
that individual 42-333 had inherited two CMT1A chromo-
somes. The (GT), alleles A and E segregate with CMT1A
in the families of both the affected mother and affected
father. The (GT). genotype of individual 42-333 is AE and
suggests that she inherited a CMT1A chromosome from
each of her parents. Her sister, 42-332, has inherited one
chromosome with the duplication genotype AE and has a
less severe clinical phenotype.

For further confirmation, somatic cell hybrids retaining
individual chromosome 17 homologs from patient 42-333,
her affected mother (42-331), and her affected sister (42-

Figure 5. Demonstration of a Homozygous CMT 1A Patient by (GT).
Analysis of Chromosome 17 Homologs Separated in Somatic Cell Hy-
brids

The chromosomes 17 of patients 42-332 and 42-333, offspring of a
mating between two affected individuais, and of their altected mother,
42.331, were isolated in somatic cell hybrids as described in Expern-
mantal Procedures Positive clones from each fusion were screenad
for the identity of the chromosome(s) 17 retained by PCR analysis of
the cell lysate with primers to a polymorphic marker within the gene
for the § subunit of the muscle acetyicholine receptor locus in 17p.
Lysates from clones retaining each of the two chromosome 17 ho-

mologs were analyzed for the (GT), polymorphism at the D175122
locus, The results of this analysis are shown in (A), whera the num-
bered lanes refer (o the products obtained from the respective patients’

DNA and the letters a and b identify lanes showing amplification prod-
ucts from the corresponding pair of hybrids, each retaining a chromo-
some 17 homolog from the respective patient. (B) shows the amplifica-
tion products oblaned with primers from the acetyicholine receptor
subunit gene polymorphic locus in 17p outside the duplication region
using DNA from patients 42-332 and 42333 and the corresponding
hybrids ilusirating the successiul separation of the chromosome 17
homologs. The diseasa segregates with the (GT), alieles A and E in
the families of both the mother and the father of patient 42-333, who
is homazygous for the disease chromosome. The pedigree symbols
refiect the scoring of the genotype with respect (o the disease allsle

332) were constructed. These hybrids were genotyped for
RAM11-GT, and the results are shown in Figure SA. They
confirm the following: first, patients 42-331 and 42-332 are
heterozygous for the chromosome carrying the duplica-
tion, and second, patient 42-333 is homozygous for the
duplication, and each chromosome 17 homolog contains
two copies of the D175122 locus. This nuclear family lends
support to the hypothesis that the duplication is responsi-
ble for the clinical phenotype of CMT1A and that CMT1A
is a semidominant mutation, since homozygosity for the
duplication results in a more severe clinical phenotype.

PFGE Analysis Identifies a Novel Sacll Fragment

in CMT1A Patients oy

To define this duplication more precisely and obtain an
estimate of its size, we performed long-range restriction
mapping using pulsed-field gel electrophoresis (PFGE)
(Schwartz and Cantor, 1984). The restriction enzymes
Notl, Miul, Sacll, and Nrul were used 1o digest DNA from
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Figure 6. An Additional Sacll Allele Is Identified in CMT1A Individuals
by PFGE

(A) Lymphoblasts from five CMT1A patients (lanes 1-5) and seven
unaffected control individuals (lanes 6-12) were used for preparation
of plugs as described (Westerveld et al ., 1971). Aporoximately one-fifth
of each plug (4 ug of DNA) was digested with Sacll and electropho-
resed in a CHEFILDR PFGE apparatus (Bio-Rad) for 24 hr in 0.6 x
TBE buffer using pulse tines of 50-90 s ramp at 200 V. The Southern
biot was hybridized with the probe VAWA09RJ as described (Patel ot
al., 1990a) with the exception that 0.5 mg/ml human placental DNA
was used for preassociation of repeats in the probe. The patients used
were individual 76-270, 76-272, 42-332, 42-333, and 42286 in lanés
1 through 5, respectively. The additional PFGE fragment of approxi-
mately 350 kb in patient 76-272 is sometimes fainily visible in other
lymphobiastoid cell ines and may represent a methytation artifact. it
does not demonstrate Mendelian inheritance. Note that lane 4 shows
the patiern for the homozygous patient 42-333

(B) PFGE plugs were prepared from lymphocyles isolated from the
whole blood of related affected and unaffected individuals. They were
digested with Sacll and electrophoresed, and the resulting Southern
blot was hybridized as described above. Note the Mendelian inheri-
1ance of the novel 500 kb Sacll allele in affected individuals.

affected and control individuals to identify altered and/or
novel fragments in CMT1A patients. Two Sacll fragments
of 600 kb and 550 kb, which are either polymorphic alleles
or variants arising as a resulit of methylation differences,
were seen in 16 control individuals using VAW408R3 as a
probe (Figure 6A, lanes 6-12, and further data not shown).
However, a novel 500 kb Sacll fragment was seen in
CMT1A patients of French-Acadian and Ashkenazic Jew-
ish origin (Figure 6A), and this Sacll fragment showed
Mendelian inheritance (Figure 6B). These resulls suggest
the presence of a large genomic DNA rearrangement of

similar size in CMT 1A patients of French-Acadian and Ash-
kenazic Jewish origin,

FISH Analysis Reveals a Duplication in Nuclei

of CMT1A Patients

Two-color fluorescence in situ hybridization (FISH) in in-
terphase nuclel (Lawrence et al., 1990; Trask et al., 1991)
provided direct visualization of duplication of the VAW409
locus in CMT1A patients. VAW409 and a control probe
from 17p11.2 (c1516) were hybridized in a blind study 1o
nuciei from CMT 1A patients 2-440 and 42-331 and unal-
fected controls 42-289 and 76-271. The hybridization sites
of VAWA409 and ¢1516 were labeled with red and green
fluorochromes, respectively. Because DNA replication
can result in double hybridization signals in interphase,
¢1516 was included to identify cells that contained only
two single hybridization sites for this probe and, therefore,
had not replicated the CMT1A region.

A total of three red VAW409 sites (lwo near one of the
¢1516 sites and one paired with the second c1516 site)
were observed in the majority of these cells from the
CMT1A patients (60% and 59% in 2-440 and 42-331, re-
spectively) but in few cells from unaffected individuals (3%
and 6% in 42-289 and 76-271, respectively). In contrast,
only one VAWA409 hybridization site was paired with each
single ¢1516 site in the majonty of cells from unatlected
individuals (90% and 79% in 42-289 and 76-271, respec-
tively). The nuclei from the homozygous patient 42-333
were similarly subjected to FISH analysis and demon-
siraled a total of four red VAWA409 sites, two paired with
each green ¢1516 site (Figure 7). Lymphoblasts from an
additional three CMT 1A patients and four control individu-
als, for a total of six patients including one from the Ashke-
nazic Jewish family and six controls, were included in a
blind study to determine the relative number of hybridiza-
tion sites of VAW409 and ¢1516. In each case, the pres-
ence of a duplicated region in CMT1A patients was con-
firmed. This study demonstrates that duplications can be
readily detected in interphase nuclei using FISH.

Consequences of the Duplication on Linkage
Analysis for CMT1A Gene Localization
Genetic mapping in the CEPH reference families (Daus-
set, 1986) localizes probe VAW409 between A10-41 and
MYH2 at adistance of 1.3cMiromA10-41. In Table 2, LOD
scores between CMT1A and polymorphisms detected by
probe VAW409 are presented. When scored as disomic
allelic systems, the recombination value between CMT1A
and VAW409R3 is 7.3% and surprisingly higher than the
other closely linked CMT 1A markers. There were six re-
combinants with this probe, three each in families HOUS5
(85-312, 85-320, 85-326) and HOUB9 (89-342, 89-343, and
89-344). These recombinants were surprising since they
were clustered and greater in number than the five pre-
viously detected with other 17p markersspanning 9.9 cM.
The observation of dosage differences detected by VAW-
409 clarified not only the occurrence of a DNA duplication,
butalso that failure to account for this duplication in linkage
analyses produces false recombinants.

This important phenomenon is illustrated in Figure 8A



Figure 7. FISH Analysisof Interphase Nuclei from CMT 1A and Normal
Individuals with VAWA409 and c1516

Four lymphoblastoid cell lines were analyzed in a blind study by FISH
as described (Trask et al., 1891). Interphasea nuclei preparations were
hybridized simultaneously with biotinylated probes VAWA409R1 and
VAW409R3 and digoxigenin-labeled cosmic ¢1518, which maps 0
17p11.2. The hybnickzation sites of VAWADS and ¢1516 were labeled
with Texas red ana fiuorescein, respectvely, and viewed together
through a double band-pass filter. The hybridization pattern of €1516
was used as an internal assay for the replication stalus of the proximal
17p region. The nuclel shown are representative of the predominant
hybridization patiern observed i\ pach sample in terms of the relative
number of red and green sites. The difference in the hybridization
pattern of patient and control samples was not due to differences in
hybridization efficiency; the fraction of nuclel lacking a VAWA09 signal
palred with one or both c1516 sites was similar in all cell lines (9%
17%). (1) and (b) represent CMT 1A patients 2-440 and 42-33 1, respec-
tively; (c) represents a normal control, 42-289; (d) represents the homo-
zygous CMT1A patient 42-333. Bar = 5 um

with the VAW409R3 Mspl RFLP data from a nuclear family
from HOUSS. If dosage differences are ignored, the af-
fected mother has genotype AB with the A chromosome
carrying the CMT1A mutant gene; the unaftected father is
BB. Since all nine offspring are AB but six are affected
and three are unaffected, the unaffected individuals are
recombinant. (Note that the segregation of nine AB off-

spring from a BB x AB mating is in itself a low probability
event [P = 0.002].) Dosage differences suggest instead
that the affected mother's genotype is AAB, with the mu-
tant gene-bearing chromosome containing the two alleles
AB. The six affected offspring have genotype ABB based
on dosage, while the three unaffected offspring have geno-
type AB. Consequently, the affected parent transmitted
the AB and A alleles 1o her affected and unaffected off-
spring, respectively, and no recombinants are evident. A
similar situation pertains to the three clustered recombi-
nants in pedigree HOU89

The VAWA409R3 data were recoded as trisomic allele
systems and the data reanalyzed by linkage analysis. This
analysis (Table 2) based on dosage (VAW409R3d) shows
no recombination between this marker and CMT1A at a
LOD score of 31.08 (Table 2) in 103 informative meioses
Similarly, a second Mspl RFLP detected by the DNA probe
VAW409R1 also demonstrates dosage differences and re-
combination with CMT1A; taking dosage into account, this
probe (VAWA409R 1d) shows complete linkage to CMT1A
at a LOD score of 17.56 in 58 informative meioses

The genotypes for RM11-GT were also used for linkage
analysis. CMT1A in these pedigrees shows complete link-
ageto RM11-GT at a LOD score of 36,74, with no recombi-
nants being evident in 122 informative meioses. Individu-
ally, each family showed peak LOD scores of 3.0 or
greater, except HOU76 (2 = 2.01)and HOUBB(Z = 2.19);
these latter families have seven informative meioses each.
Thus, taking dosage differences into account at VAW-
40981, VAWA09R3, and RM11-GT, locus D175122shows
complete linkage to CMT1A

Muttipoint Tinkage analysis of CMT1A using the map
A10-41—(13 cM)—RM11-GT—(11.7 cM)—MYH2 was
then performed using the program LINKAGE to calculate
confidence limits on the location of CMT1A. The peak
multipoint LOD score was 34.5; the CMT1A locus had the
maximum likelihood position at RM11-GT, between A10-
41 and MYH2, Ali other intervals were excluded with odds
of 10'2:1 ar greater. The approximate 85% confidence lim-
its on the CMT1A location defined a 3 ¢M interval con-
taining the probe AM11-GT. A more extensive analysis
using the markers LEW301 — YNM67-R5—-A10-41—-RM11-
GT—MYH2 and the program CRI-MAP verified the place-
ment of CMT1A at locus RM11-GT and between the
probes A10-41 and MYH2 with odds exceeding 1000:1

Table 2. LOD Scores between DNA Markers within the Duplication Mutation and CMT1A

Recombination Value

005

Marker 0.00 0.10 020

408R3 -0 6.75 6.76 560
409R3d 31.08 28.28 2635 19.23
409”1 o 534 48 3.42
409R1d 17.56 15.86 1421 1055
RM11.GT 3674 31.78 29 96 22 67

0.30 040 " 2
3.69 198 0.073 6.86
12,67 570 0.000 31.08
1.99 0.72 0.027 5.46
€.86 310 0.000 17.56
14 85 6.47 0.000 36.74

LOD scores at the D175122 marker locus. 409R1 and 409A3 refer 1o the Mspl AFLPs scored without dosage between alleles, the suffix “d" refers
10 scoring of VAWA0E Mspl RFLPs with dogage, and RM11-GT refers to the (GT), repeat polymorphism. The RM11-GT linkage analysis aiso inciudes

HOU76 and HOUSS
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Figure 8. Consequences of Duplication

fion o Linkage Analysis oy
(A} A nuclear family of pedigree HOUSS show-
ing the misclassification of the VAWAO0SR3
Msp! AFLP. Shown below the pedigree symbol
in order are the identification num-
ber of the individual and the VAW409R3 geno-
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40983; however, VAW409R3d shows that this
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(8) Mutipoint linkage mapping of CMT1A on 2
gen=tic map of chromosome 17p. The locus
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The failure to account for dosage differences at a two-
allele RFLP in linkage analysis, when it exists, leads to
misinterpretation of the parental origin of alleles, as shown
in Figure BA. These errors appear as multiple, clustered
(within sibships) recombination events that reduce the
LOD score and increase the recombination value betwaen
the disease and the marker. More importantly, when these
errors are included, multipoint linkage analysis can seri-
ously distort the positioning of the disease locus. This dra-
matic effect is shown in Figure 8B, where we present the
multipoint LOD score for CMT1A versus a fixed map of
the markers LEW301—YNM6E7-R5 —A10-41 —VAWA409RY/
RM11-GT — 1517 —MYH2. Figure 8B shows the multipoint
LOD score curve for two analyses using CRI-MAP that
are identical except that VAWA409 was first coded as a
two-allele RFLP without dosage (VAW409R3) and a sec-
ond time using the RM11-GT polymorphism. Using the
(GT). polymorphism, the multipoint LOD score is31.4 and
correctly places the CMT1A locus at VAW409. The 95%
confidence limits on the CMT1A location define a 3 cM
interval around the (GT), locus. On the other hand, ignor-
ing the duplication produces a peak LOD score of 26.81
and incorrectly places CMT1A 1 cM proximal to LEWS301.
The 95% confidence limits on this location define a 6 cM
interval around LEW301. Notonly do these two confidence
intervals fail to overlap, but the two LOD scores have an
odds difterence of 10*% Furthermore, the correct location
of CMT1 at VAWA40S is 50 times less likely than the incor-

025

rect location when dosage at VAW409R3 is not scored.
The misclassification leads to multiple recombination
events with VAW408 and thus places the CMT1A locus
toward LEW301, with which no recombinants were ob-
served.

Discussion

We have demonstrated that CMT1A is associated with
a DNA duplication using (GT), polymorphism and RFLP
analysis, FISH analysis, and isolation of parental chromo-
somes in somatic cell hybrids. Three polymorphic markers
at the D175122 locus have displayed this duplication,
namely, VAW409R3, VAWA409R1, and RM11-GT, and in
each case there isa perfect corralation between the dupli-
cation genotype and the CMT1A disease phenotype.
PFGE suggests that the duplication includes a large geno-
mic region. We have shown that failure to understand the
molecular nature of the polymorphism leads 1o the mislo-
calization of CMT1A and reduced evidence for linkage.
Preliminary data by RFLP analysis and dosage of polymor-
phic alleles indicate that two additional markers, VAW-
412R3 (D175125) and EW401 (D17S61) (Wright et al.,
1990), which are linked to VAW409, may also be dupli-
cated, while other CMT1A-linked markers do not appear
to show evidence for duplication

The demonstration of an autosomal dominant inherited
mutation involving DNA duplication in multiple families is
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unprecedented. Severallines of evidence suggest that this
duplication is respansible for the CM T1A phenatype. First,
the duplication mutation was cbserved anly in CMT14 pa-
tients and not observed in 63 cantrol individuals. Secand,
the duplication was demonsirated in CMT1A patients of
French-Acadian descent as well as Ashkenazic Jewish
origin. Third, a severely attected oftspring of a mating be-
tween two attected indwiduals was showr ta be homozy-
gous for the duplication,

An important consequence of our sludy is the use of
AM11-GT tor CMT1A diagnosis. With the determination
of dosage at the D175122 lacus in CMT1A patienis, the
posilive predictive value of this DNA-based diagnostic tesi
i3 likely to increase dramaticslly. Furthermore, the navel
Sacll ragment obserwgd by PFGE anatysis as wall as two-
cofar FISH of tymphobilasts or fresh lymphacytes may alsc
be useful diagnastic methods far CMTIA. The availability
ol tughly polymarphic rnarkers similar 19 those demon-
strated in this study from most regions of the human ge-
name may enable the detection of segmental trisomy as
the moiecular basis for gther human diseases,

The mechanism by which a duplication could result in
the CMT pherotype isunknown, butpossible mechanisms
far the disease phenotype include the igllowing: tirst, over-
expression of one or more gengs in the region (dusags
ettect); second, interruption ¢! a candidate gene at the
duplication junction leading either to an allered gene prad-
uct with a dominant deleterious ettect or to an abrsence ot
the gene product, thusresulting in decreased levels, third,
ceeurrence of a stable dominant mutation in ane af the
duplicated candidate genes thal results m a gene pruduct
with a deleterious effect; and fourth, a change in the physi-
cal location af the gend(s) within the duglication region,
leading ta altered requlalion of gene expression, secand-
ary 10 a position effect. The human gane [gr the § subunit
af tha muscle nicotinic acetylcholine receptor has recently
been mapped to the 17pt1.2-pt2 region (Begsar et al.,
1990). This receptar plays animportant role in signal trans-
duction at the neurgmuscular junction. Using a highly poly-
marphic marker within this gene {05 1-fGT), we have dem-
onsirated that it lies outside the duplication region {(data
not shown) However, the genes far the subunils of the
neuranal acetylcholina receptor tend ta lacate in clustered
arrays (Boulter et al., 1990). Itis thus possible that altered
expression ol ane or more ol such receptor subunits could
result in an allered staichiometry af the subunits and lead
10 CMT,

The mechanism by which the duplication mutation arose
is unknown. 0@ Nnovo mutations that include deletians and
duplications have been gbserved in the proximal region of
the short arm of chromosame 17 (Smith etal_, 1986; Steat-
ton et al., 1986; Magenis et al., 1986). It is possible that
the same recombination mechanisms that result in micro-
delstion on one chramasome hamolag can resultia dupli-
cation on the reciprecal hamalog. Recent studies an chro-
mosaomal duplications in Escherichia coli and humans
have demonsirated that duplication junclions oecurin re-
gions cantaining repetitiva extragenic palindromic (REP)
sequences (Shyamala et al,, 1890) as well as near Aly
sequences (Kornreich et al., 1990; Devlin et al., 1340)

Mutations at the 8ar iocus in Drasophila melanogaster arg
gain ol function and semidominant (Lindsley and Zimm,
1985) and are frequently associated with a tandem dupli-
cation of ¢hromosgme bands 16A1-A7 (Bridges, 1936).
Recent molacular analysis has suggestad that there is a
transposahle element (B104) located at the duplicalion
junction. It has been proposed that this elemant is involved
in the generation of the duplication, ONA sequencing anal-
ysis of the junctions af the B104 element support a model
whereby the duglcation is generated by a recembiration
event belween two B104 elements, ane in 16A1 and the
clhern 16A7 (Tsubota et al., 1989). A detailed analysis of
the CMT 14 duplicated region, particu{ary the duplicaton
junctions, in CMT 1A patients of varied ethnic origin may
clarify the molecular mechanism lor generating this dupli-
cation.

Some probabie animal models for CMT are the mouse
mutants trembler (7r, dominant) (Falconer, 1951) and
trambler~) (Tr’, semidominant) (Grean, 1989). These nucg
exhibit a demyelinating neuropathy with decreased NCY
similar to CMT1, and their mytalinns map to mouse ctwo-
mosome 11, which 19 synteni¢ with human chromosome
17. It will be interesting to determine il the candidate dis-
easelocusisduplicatedin these mrce asin humans. Deter-
mination of the molecular basis of CMT 1A will be possibla
by definition of the limits of the duplicated regian, faci-
tated gy igentifying overlapping genomic ¢clgnes that span
the region and identifing candidate expressed sequeances
that map within the duglication. Ultimate confirmation of
this finding may require expression of the candidale my-
tated region in ransgenic mice and gbservation of the
phenatype.

Experimentat Frocedures

Qlinical Evatuation and Sampling of Famlliss

All available at-nsk mambers ol padigreas were subjected 10 2 thar-
ough dinical and Hectrapiysiologreal #xaminaon. in pedgree HAU T,
NCVs were intially determined anly fov dinically affected individuats.
Further evaluation indicated that the dnically unatiected individuats
1-13, 1-37, and 1-36 had abnormal NCVs; therefare, the disease statuy
of thase individuals 1s ditferent from tha! reported in the ongnal pods
gree (Patel et al., 1990a). In all other pedigrees at-risk individuats,
whether ¢linically atfected or unattecied. hag maror NICVs determined.
Diagrosis ot CMT | was established by slowed madian and uinar mokac
NCVs tilaterally («4Q wvs). A single normal reator NGV of the peroneal
narve excluded the disgnasis of CMT1 wn patients 5 years oc glder.
Blood was collected from each participating lamily member. undec
infarmed oonserd, and uzed (0 establish EBV lransformed [ymph-
blasts (Andersan and Gusella, 1984) and for isclatmg high molcoular
waight UNA (Miller et 3l., 1988). 1he vanadble numbers of tandem
repeat locus YNHZ4(D2544) (Nakamura et al,, 19873, 19870), in addi-
tion 10 the marker (0ci used in linkage analysis, were used ta check
parantd! origins for gach individuat in [he seven pedigrees m Figurs |
Some parental exclusians were detected; these individuals wearg not
incorporated in the linkage analysis.

Linkage Analysis

The chrumosume 17p marker s comprise 17 standand RFLPs aud were
detected using nire DNA probes an< Southern analysis aepraviously
described (Patel et al., 1990a, 1930b). The ONA probe FeyRil(chroma-
some 1q) was studied by Southern analyais o exclude linkage to chro-
mosome 1. LOD sogre analys dsod (wo [oint or mutl@oiat memhods
(Morton, 1956 0N, 14Y45; Lathrap and Lalouel, 1988) and (he compuer
programs LINKAGE version 4.7 (Lathirep and L alauet, 19688) ang CRI-
MAP wersian 2.4 (Donis-Keller &1 a1 1937) CMT1 was considered as
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a fully penetrant autosomal dominant irait vath a mutant gene fre-
quency of 0.0001. The tollowing markers, where alieles were codonm-
nant systems with frequencies as described in the (nerature, were
used: LEW301 (D17858) (Fain et al., 1987), pA10-41 (D17571) (Barker
et al., 1987), pYNME7-R5 (D17S529) (Ray et al., 1990); c1516
{D17S258) (Patel et al., 1090a); p1516-A4 (D175258) (France et al.,
1990); pS6.1-HBZ (D175445) (Patel et al , 1990b); ¢1517 (D175259)
{Patel et al., 1990a) Msp! allele lengths = 6.2/4.0/2.4 kb; ¢1541
(D17S260) (Patel et al,, 19902) Bglll allele iengths = 3.4/2.0+ 1.4 kb;
Hinglll 14.0/13.0 kb, BamH| 11.0/7.6 kb (allele lengths for probes
¢1517 and ¢1541 reflect changes fram the original report); p10-5
(MYH2) (Schwartz et al., 1986; Nakamura et al., 1988); VAW409A1,
VAWA09R3 (D17S122) (Wright et al., 1990); FcyRIl, HFc3.0 (FCG2)
{Hibbs et al., 1988; Grundy et al., 1989).

Haplotypes wece canstructed for multiple DNA polymorphisms dée-
1ected by the same DNA prabe, except for YAW409, and assumed 10
be equifrequent, as were the alleles at RM11-GT. For markers wilh five
armare alleles, haplolypes were recoded into four-allele systems (Ott,
1978). LOD scores Z(9) at assumed recombinatian vatues {8) ot 0.0,
0.05, 0.10, 0.29, 0.30, and 0 40 were cal¢ulated for individual pedi
grees and pooled. The maximum likelihood estimate of # (8) and the
peak LOD score (2 = Z{B)) were estimaled using the ILINK program
in LINKAGE. Linkage was accepted if the LOD sc¢ore was 3 or greater;
the exclusion criterion was a LOD scare of —2 (odds 100:1 against
linkage) at a specified recombination value. Approximate 95% confi-
dence intervals an locatian were calculated by including all points on
a map that have LOD scores at mast one und lower than the peak LOD
score (Conneally et al., 1985).

The y*1est of homogeneity (Morton, 1956) with 4 degrees of freedom
was calculated for each of the eight 17p DNA polymorphisms in Table
1. The ? values ranged from D.00 ta 7.14 and were nol statistically
signiticant (P > 0.10).

The order between the proximal chromosome 17p markers was
established by analyses of these markers in the CEPH {Cenire dEtude
du Polymorphisme Humain, Paris, France [Daussel, 1986]) reference
families, and from analyses of somatic cell hybrids (Patel etal., 1980a).
The distances between adjacent markers in centimorgans were esti-
mated from the CEPH panei (P. Fain. personal commumcation, 1981)
except for 1517, whose distance from YNME7-RS was estimated from
the five CMT 1A kindreds described in this paper. The map is as follows:
LEW301—2.6 cM—[YNM67-R5, 1516)—1.8 cM—[A10-41, S6.1-HB2)—
1.3 cM=VAWA09—4.2 cM—1517—=7.5 cM~MYH2, where [ . . . ] in-
dicates markers for which the order is unknown. CRI-MAP is more
efficientin likelihood calculations than LINKAGE, since itignores popu-
lation allele frequencies and the genotypes of specitic individuals in
analyses. In comparing the results of idenlical analyses in these five
kindreds using both CRI-MAP and LINKAGE, a 20% information loss
was observed for two-point LOD scores bul only a 4% loss for
muliipoint LOD scores. For efficient calculations, only CRI-MAP was
used for multipoint anatysis.

Detection of {GT). Polymorphic Markers

and Genotype Determination

(GT). repeat sequences were identified by Southern hybridization of
dot blots of the plasmid or cosmid DNA to synthetic nick-transtated
poly(dC-dA) - poly(dG-dT) (Pharmacia) using [e-*PldCTP (New England
Nuclear). Hybridizations were performed in 1 M NaCl, 1% SDS, 10%
dexiran sulfate at 65°C, and the filters were washed at room tempera-
ture in 2x SSC, 0.1% SDS. A (G). repeat sequence was identifred
inan 11 kb EcoRl fragment cloned in pUC1B (VAWA03R1). A 250 bp
Haelll fragment contained the (GT), repeat and was further subcloned
into pTZ19 (pRM11-GT) and sequenced by the dideoxy chain-termi-
nation method {Sanger et al., 1977} using the Sequenase Kil (United
States Biochemical Corporation). The repeat sequence present in
pAM11-GT was {TAR(G T)AAT)s. Analysis of 83 unrelated individuals
identified at least eighl different afleles, ranging tn size from 153 bp to
167 bp, with an observed heterozygosity of 74%.

For PCH amplification eitherthe GT strand (CAGAACCACAAAATG-
TCTTGCATTC) or CA strand (GGCCAGACAGACCAGGCTCTGC) oli-
gonucleotide primer flanking the (GT). repeat sequence was end-
tabeled at 37°C in a 15 pl reaction volume containing 1.2 uM primer,
100 pCi of [y-2P)ATP at 6000 Ciymmol, 1 x One Phor-All Plus buffer
(Pharmacia), and 10 U of polynucleotide kinase (Pharmacia). The ki-

nase was inactivated at 65°C far 10 min and the primer used directly
in the PCR reaction (0.4 ul per reaction). PCR was performed using
standard conditions in a 25 ul reaction volume in a mixture containing
1 uM each oligodeaxynucieotde prsmer, 250 uM each JATP, dCTP,
dGTP, and dTTFP, 2.5 ul of 10x PCR buffer (500 mM KCI, 120 mM
Tris—HCI [pH 8.0], 1.5 mM MqCl;, and 0.01% gelatin), 0.63 U of Ampli-
Taq (Cetus) DNA polymerase, and 0.4 ul of end-abeled GT primer
reactian mix. The amplificgtion conditions were an initial denaturation
at 94°C for 5 min followed by 30 cycles of 94°C denaluration for 1
min, 55°C annealing for 1 min, and 72°C extension for 2 min in an
automated thermal cycler (Perkin-Elmer/Cetus). Reaction praducts
(1.5 ul) were mixed with 2 yl of formamide stop solution {United States
Biochemical Corporatian) and electrophoresed in a 6% polyacryl-
amide DNA sequencing gel at 40 W for 3.5 hr. Gels were dried and
autoradiographed for 2-12 hr by exposure 1o Kodak XAR-S film at
-70°C.

Southern Analysis and Dosage Determination

Samples (5.5 ng) of genomic DNA were tigesied with 3-4 U of the
appropriate restriction endonuclease under conditions specified by the
manufacturer. A 0.5 ug aliquot was examined by gel electrophoresis
o determine completeness of digestion. The digested DNAs were
electrophoresed in a 1% agarose gel in 1 x TAE buffer (40 mM Tris—
HCI [pH 8.5), 40 mM sodium acetate, 2 mM EDTA} for ~16 hr. The
DNA was transferred to a nylon membrane (Sureblot, Oncor) and hy-
bridized 1o the probe aner preassociation of repeats as described pre-
viously (Patel et al., 1990b). Dasage of alleles was determined by visual
inspection of autoradiographs and comparison of the intensity of one
polymorphic allele to the other within each lane. Altemnatively, such
comparisons were made on autoradiographs using a densitometer
(LKB Ultrascan) or by direct quantitation of radioactivity in the polymor-
phic alleles on the nylon membrane using the Betascope analyzer
{Betagen) (Sullivan et al., 1987).

Allele Separation for PCR Analysis

Samples (5 ug) of genomic DNA from members of a nuclear tamily in
HOU42 were digasted with Msp! and electrophoresed in a 1% agarose
gelin 1 x TAE bufter at 20 V overnight 1o alfow sepatation of 3 kb and
6 kb alletes. The gel was sliced o isalate these fractions in & minimal
volume, and the DNA was purified using Geneclean (BIO101). Approxi-
mately 1/30th of the isclaled DNA was subjected to PCA analysis with
the AM11-GT primers as described before.

Construction and Analysls of Somatic Cell Hybrids

Somatic cell hybrids were used to separate the maternal and paternal
chromosomes 17 of individuals 42-331, 42-332, and 42-333. Hybnds
were constructed as described by Zoghbi et al. (1989) using a23, a
thymidine kinase—deficient Chinese hamster celi line (Westerveld et
al., 1971) asthe radent parent. Briefly, two 100 mim plates were seeded
with 107 a23 cells per plate 16-20 hr before fusion. The cells were
washed with Dulbe¢co's modified Eagle's medium (DMEM). To a 10 m!
suspension of 5 x 107 lymphabtasts in Hanks™ balanced salt solution
{GIBCO). 250 ulof a 1 mg/ml phytohemaagglutinia (Sigrma) salution was
added. Five milliliters of this cell suspension was added to each plate
ol a23 cells, and the plates were incubated for 15 min at 37°C. The
solution was aspirated, and 2 ml of 0% polyethylene glycol 1500
(Boehringer Mannheim Biochemicals) was spread over the surface of
the plate. After 1 min the polyethylene giycot was aspirated, and the
cells were washed three times with DMEM and incubated with 10 mi
of DMEM for 30 min at 37°C. The medium was aspiraled andthe plates
were incubated overnight with 10 mi of DMEM with 10% fetal calf
serum (FCS). Hybrids were selected by growth in DMEM containing
10% FCS, 0.1 mM hypoxanthiae, 0.001 mMaminopterin, and 0.01 mM
thymidine. Hybrids were isolated with cloning rings 10-14 days later
and transferred to 24-well microtiter plates.

For analysis ot the hybrids, cells from each canftuent well were
collected and lysed by boiling in 30 ul of 1 x PCRbuffer. Three microli-
ters of the lysate was used for PGR amplification with primers flanking
a (GT). repeat {OS1-BGT) at the lacus for the gene tor the B subunit
ot the nicotinic acetylcholine receptor in 17p11.2. The sequence of the
GT strand primer is AACTTTACTACAGGAGTTACACCC, and that af
the CA strand psimer s CTCGAGCCCCCGCATTCAAGAA. The PCR
was conducled as described befare using 3 pl of the cell lysate or
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<100 ng of genomic DNA from the indwidual pateats. The successiul
separation of the chromosome 17 homologs in hybrids was noted by
comparison of the (GT), allele in each hybrid to thal of the correspond-
ing human parent.

PFGE

Lymphoblasts were used for preparation of plugs as described (Herr-
mann et al., 1987). Briefly, exponentially growing lymphablasts were
collected and counted using 2 hemacylometer. The cells were resus-
pended at 1 x 107/ml in Iysis buffer 1 {0.1 M EDTA, 0.02 M NaCl, 0.01
M Trnis-HCI fpH 7.8)), and an equal volume of 1% Incen agarose (FMC
Corporalion} was added. The mixture was ajiquoted inlo plug molds
kept on ice. The plugs were suspended in lysis buffer I (lysis buffer |
with 1.0% N-lauroylsarcosine and 2 mg/ml proteinase K). The diges-
tion was carfied aut at 50°C for 48 hr, The plugs were cialyzed exten-
sively against 10 mM Tes-HCI (pH 7.5), 1 mM EDTA. Approximately
one-tifth of each plug (4 ug of DNA) was digested with ~~20 U of restric-
tion endonuclease in a 150 pl volume and electrophoresed in a
CHEFII-DR PFGE apparatus {(Bio-Rad) for 24 hr in 0.5 x TBE buffer
using pufse times of 50-90 s ramp at 200 V. The gel was transferred
to a nylon membrane, and the Soulhern blot was hybndized with the
probe VAW409R3 as described above with the exception that 0.5 mg/
ml human placental DINA was used for preassociation of repeats in the
probe.

FISH

Two-color FISH was perfarmed as described previously (Trask et al.,
1931). Briefly, VAW409R 1 and VAW403R3 were combined and biotin-
ylated using a nick transiation kit (BRL). The cosmid c1516 was simi-
larly tabeied with digoxigenin (Boehringer Manaheim). The probes
were mixed and hybsidized 1o nuclei from post-log phase but unsyn-
chronized lymphoblasts fixed on slides after hypotonic swelling and
methanol-acetic acid fixation. After hybridization, hybridization sites
of biounylated and digoxigenin-labeled probes were |abeled with
Texas red and flucrescein, respectively, by sequential incubation of
slides, alternated with wash steps, In avidin-Texas red, biohinylated
goat anti-avidin and sheep anti-digoxigenin antibodies; and avidin-
Texas red and fluoresceinated rabbit anti-sheep IgG antibodies Stides
were viewed an a Zeiss Axiophot microscope (100 x magnification)
through a dual band-pass filter (Omega, Brattletoro, VT). which allows
fluorescein and Texas red to be viewed simultaneously. Siides were
coded before analysis. Nuclet were scored randomly for the number
of red and green hybridization sites on each chromosomeg. Phato-
graphs of representative nuclei were taken on 3M Scotch 640T color
slide film (15-20 s exposures).
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Somatic cell hybrids retaining the deleted chromo-
some 17 from 15 unrelaled Smith—Magenis syndrome
(SMS) {del(17)(p11.2p11.2)) patients were oblained by
fusion of patient lymphoblasts with thymidine kinase-
deficient rodent cell lines. Seventeen sequence-tagged
slies (STSs) were developed from anony mous markers
and cloned genes mapping to the short arm of chromo-
some 17. The STSs were used to determine the deletion
status of these loci in these and four previously de-
scribed human chromosome 17-retaining hybrids. Ten
STSs were used to identify 28 yeast artificial chromo-
somes (YACS) from the St. Louis humao genomic YAC
library. Four of the 17 STSs identified simple repeat
polymorphisms. The order and location of deletion
breakpoinis were confirmed and refined, and the re-
gional assignment of several probes and cloned genes
were determined. The cytogenetic band locations and
relative order of six markers on 17p were established
by fluorescence in situ hybridization mapping to meta-
phase chromosomes. The latter data confirmed and sup-
plemented the somatic cell hybrid results. Most of the
hybrids derived from [del(17)(pl1.2p11.2)] patients
demonstrated a similar pattern of deletion for the
marker Toci and were deleted for D17S446, D17S258,
D17S29, D17S71, and D17S445. However, one of
them demonstrated s unique patiern of deletion. This
patient is deleted for several markers known (o recog-
pize a large DNA duplication associated with Charcot—
Marie—Tooth (CMT) disease type 1A. These data sug-
gest that the proximal junction of the CMT1A duplica-
tion is close to the distal breakpoint in {del(17)(p-
11.2p11.2)] patients. © 1992 Academic Prase. Ine.

INTRODUCTION

Recently, much attention has been focused on the
proximal region of the short arm of chromosome 17. Sys-

3 Present address: Dipartimento Di Pediatria, 111 Cattedra, Via
Pansini 5, Napoli, Italy.

? To whom correspondence should be addressed.

tematic acquisition of useful reagents for genetic and
physical mapping in 17p is an important step in under-
standing the structure of this genomic region and the
identification of genes that are candidates for human
diseases. At least two clinically important disorders re-
sulting from DNA rearrangements have been mapped to
this region. (i) Charcot-Marie-Tooth disease (CMT;
Charcot and Marie, 1886; Tooth, 1886) type 1A
(CMT1A), which had been previously mapped by link-
age analysis to the pericentromeric region of chromo-
some 17 (Raeymaekers et al., 1989; Vance et al., 1989,
1991; Middleton-Price et al., 1990; Patel et al,, 1990a,b),
has been recently shown to be associated with a duplica-
tion of markers D17S122, D178125, and D17S61 in the
17p11.2-17p12 region (Lupski et al, 1991; Raeymaekers
et aol, 1991). Charcot-Marie-Tooth disease, which
shows a prevalence rate of 1/2500 (Skre, 1974), is the
most common inherited peripheral neuropathy. (ii)
Smith-Magenis syndrome (SMS) is a recently described
multiple congenital anomaly/mental retardation syn-
drome that is associated with an interstitial deletion of
band p11.2 of the short arm of chromosome 17 (Smith et
al,, 1986; Stratton et al, 1986) and may represent a con-
tiguous gene syndrome (Schmickel, 1986; Greenberg et
al, 1991). The consistent clinical features of SMS pa-
tients include characteristic dysmorphic features, mi-
crobrachycephaly, brachydactyly, short stature, and de-
velopmental delay. Variable clinical features include
cleft lip/palate, congenital heart defects, microcornea,
sleep disturbances including absent REM sleep, signs of
peripheral neuropathy, and aggressive and self-destruc-
tive behavior, particularly onychotillomania (pulling out
of finger and toe nails) and polyembolokoilamania (in-
sertion of foreign objects into the body). These variable
features may be due 10 varying extents of deletions in
different patients.

We initiated the molecular dissection of this chromo-
somal region by constructing a somatic cell hybrid panel
for efficiently sublocalizing large numbers of chromo-
some-specific probes. In addition, this panel will be use-
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ful for identifying the deletion junctions in SMS pa-
tients (Carlock et al, 1985; Oberle e¢ al., 1986). The use
of a somatic cell hybrid panel for the mapping of DNA
markers is especially suited for chromosome 17, since
the construction of somatic cell hybrids is facilitated by
the presence of the selectable marker thymidine kinase
(TK). To conduct deletion analysis of hybrids by the
polymerase chain reaction (PCR), 17 STSs (sequence-
tagged sites) were developed from probes known to map
to 17p1ll.2-pl2. Fluorescence in situ hybridization
(FISH) was used to map six loci to cytogenetic bands.
Using two-color FISH, these loci were ordered with re-
spect to each other to confirm the results of somatic cell
hybrid analyses.

The recent development of artificial chromosome vec-
tors (Burke et al, 1987) has provided a system for clon-
ing several hundred-kilobase fragments of DNA as yeast
artificial chromosomes (YACs). As a first step toward
identilying the gene(s) involved in SMS and CMTIA,
we used the STSs to isolate large genomic clones from a
human genomic YAC library. These will be used to build
a contig of YACs spanning the entire chromosomal seg-
ment. In addition, simple repeat polymorphisms were
identified and characterized in markers from 17pl11.2-
p12, which will be useful for genetic mapping of the re-
gion,

MATERIALS AND METHODS

Construction and characterization of somatic cell hybrds. Standard
polyethylene glycol fusions were performed between lymphoblastoid
cell lines from SMS patients (Greenberg ef oL, 1991) and & thymidine
kinase-deficient {TK ") hamster cell line, 223 (Westerveld ef al, 1971)
as described by Lupski et al (1991). Hybnids from patients 147 and
254 were constructed using a TK® mouse cell line, Cl.1D. For each
fusion, 20-30 independent clones were isolated with cloning rings 10-
14 days lster and transferred o 8 24-well microtiter plate. The clones
were screened for the retention of the matemnal or pate mal homolog of
buman chromosome 17 by a polymerase chain reaction-based screen-
ing strategy. Cells representing each clone were obtained by trypsini-
zation of a confluent well from the 24-well plate, One-Gfth of the cells
were washed with Hanks buffered saline and resuspended in 30 4l of
bsis buffer (10 M Tnis, pH 8.4, 50 mM KCl, 1.2 mM MgCl, 0.01%
gelstin, 0.45% NP-40,0.45% Tween 20), beated a1 $5°Cfor t hand as
85°C for 10 min, and centrifuged for 5 min to eliminate the debns. One
microliter of lysate from each clone was used in a 100-4] PCR reactioo
with STSas from two different loci mapping inside (D175258) and out-
side (D17512¢) the SMS critical region. It was possible to distinguish
between clones containing the normel chromosome 17, which enabled
amplification of both Joci, and those retaining the deleted 17, which
enabled the amplification of only one of the two STSs (D17S124). One
clone identified as retaining the deleted chromosome 17 was selected
from esch fusion for more detailed analysis and for inclusion in the
panel, The clone was expanded in a T75 Bask, and genomic DNA was
isolated as described by Miller et ol (1988).

Four previously described hybrids were also used in this study: bhy-
brid DHAA4, which is a clonal derivative of bybrnd DH110-D) from 2
SMS patient (Patel ef af, 1930a) and retains only a del(17)(p11.2)
chromosome, hybrid HO-11, which retains 17p13.100 - 17qter (van
Tuinen et o, 1388), hybrid JW-4, which retains 17p13.105 —« 17quer
{ven Tuinen et af. 1987), and hybnd 88HS3, which rewains 17pter -
pil.2 (van Tuineo ef al, 1987).

Simple sequence repeots and STSs. To Mentify (GT), repeat se-
quences within genomic clones from 17p loci, a dot blot of 100 ng of
DNA from each of the cosmids or plasmids corresponding W esch

TABLE 1A
Sequence-Tagged Sites for 17pter - 17p12 Loci

Size*

YACa

Repeala Heterozygonity

(hp)

8Sequence (8'-3)

Primer

Locu»

Macker

Not acreened

=147 (TGO)LTTGCIGTHAT(GT),, 60%

AATGGCTCCAAAAGGAGATATTG
CTCCCCAACATGCTTTCTCTC

IMG 3696

IMG 3697

D175260

clh4l

IMG 3829*
IMG 38230

No ponitives

450

GCGTTGGCAACCCCCGGGCATC

CHRNB1

cDNA of g-

CCATAGTGCAATTCTGCCAGTCG

subunit of
NACHR

¢1hF4

No positivea

88%

(GT)s

=186

CTCGAGCCCCCGCATTCAAGAA

IMG 4128°

CHRNBI

AACTTTACTACAGGAGTTACACCC
GCGACCTCTTTAGTTTCAGAACCCA

IMG 4128

B184E1, BAaByY,

380

CAAAGGCTACAGCTCAGCCTACAG

IMG 2125
IMG 3128

+D178124

pYAW411R2

B164D11, B189A1N,

B23689

Not aceecned

P{)

GGCAACAGCTTTATGATTICTAGGIGTO
CTITTCTTTACCTOTATT NG I CAC

IMG A1)
IMQG 312

DiI78121

pRW 408

No posilives

14%

(AT),N(CT), (AT},

=194

GTTTACATAGGCAGAATAGGAATC

IMG 5269

D181

PEW401

GGAGAATCGCTTGAAACTGGGAGG
GTTCTTAAAA

IMG 6270°

AS8D6, ARODID

B240E1, A27A11,

200

"CCCTTGCCTCCOG

TTCATCAGATATTTACAGAAGACC

IMG 3926
IMG 3926

D178126

pVAW4L1IZRI

t 18

g variabis,

a

® Rizm of the ¥




TABLE 1B
Sequence-Tagroed Sites for 17p12 - 17¢on Loel

Y ACs

Heterorygoaity

Nepeatn

Seqquence (5-1) Kire ()

Primer

Locun

Mnrker

A21THE

CAWL, T24Gh, A2,
A2LTHE

50

GCOGTATTTUAGUCAACACTHTAGH
GCATCTCTTTGGAAGTCTTCTCTGE

D175122

pFVGLI

T4%

(TAN(CA) ,(TA),

=159

CAGAACCACAAAATGTCTTOCATTC
GGCCAGACAGACCAGGCTCTGC

D178122

pRM11-GT

B127H4, A6ODI1,

23

TCTTCCCTCOCTCTTCTTCTTAAAG

TATCGAGACAGAAGTCCTGGTEG

pS8.1.HB2

B22TH2, A275H2

Nol screened

Di175448

83%

(GGAAAY,

1646

GOGOTGACAGAGTGAGGCTCTGTC
GATTACGOAATTCAGCCATGCTY!

ST

052-GA3
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ABBET, A186R9

191

ATTGGGCTGGTTACTGTTTCAL

CAAAGCCAAATCCTGCCCATG

IMG 3517

DI78TL

pAl10.41

Not screened

231

GCTCTGOTTCATATTACCCTGACAC

IMG 53171

D178447

pFG2

A25H9

TCTTCATCCCTACGTATCACTAGGCC
CACCCCATTCTCCGTCTGTCCCCTTGC
CCAGTCTCAGAGATCTTAATAATC

GCTCTCCAGCCTUGGCAACAAGUGTG

IMG 6314
IMG 2812
IMG 2813

D17329

p YNMé7.-RS

Not screened

IGTTT),

222

MG 2917

D17329

pYNM67-RS

Bib7HA, B15THS, A260R4

CGAGACCCTOOOATGATAATGCATOG

TCTAACCCCAAGCAAAGCCACTNOC
TTTCAACTCAACCTAGGCTETOO

GTAGTCTCAGCTATTCOGCGAGGCTG

IMG 28186

IMG 2018°
IMG 2915

D178258

1516

AZ04M7

L L1

IMG a4

D178448

pFQG1L

A184B2, P172CT, A276B1,
BAgBAL, BIICH

252

TTGTTGCTGAATOGAATGGACAAC
GTCTTCTCTCCCACCACTAATAC
GCOTTTGAACCATACTCATCACC

IMG 4084
IMG 3263
IMG J284

D17868

pEW30?

® Primers {ot pRM11-GT from Lupaki et of. (1991),

2 Primer has some homology to the Alu repeat element.

locus wae hybridized with nick:translated synthetic poly(dC-
dA) - poly(dG-dT) (Pharmacia), using [a-"’P|dCTP (New England
Nuclear). The hybridizations were performed in | M NaCl. 1% SDS.
al 65°C, and the Blters were washed at room temperature in 2X SSC,
0.1% SDS. Restriction fragments of 300-500 bp containing the repeat
sequence were identified by Southern analysis of DNA from plasmids
or cosmids that appeared to be positive in the dot blot assay and were
subcloned for sequencing. Restriction fragments 1o be subcloned were
purified from an agarose gel using Geneclean (B10O 101, La Jolla, CA)
and ligated to veclor DNA that was linearized with the spproprisie
enzyme and treated with calf intestinal phosphatase as described pre-
viously (Patel et al., 1930b}. The nucleotide sequence was obtained by
the dideoxy method using the Sequenase kit (U.S. Biochemicals). STS
information from the 17p markers was obtained by isolation and/or
subcloning the following for sequence determination: (1) ¢1541--A
500-bp repeat-positive Sphl fragment Trom ¢1541 (Patel et af, 1990a)
was subcloned into the Sphl site of pTZ19R. (2) c15F4—The cosmid
15F 4 was obtained by screening the Los Alamos flow-sarted chromo-
tome 17 library with the cDNA for the g subuni{ of the mouse muscle
nicotinic acetylcholine receptor. A 1.2-kb Xho! fragment from c15F4
that hybridized with the cDNA was subcloned into pTZISR. (3}
pVAW411R2—A 500-bp Hincll/Hindlll fragment from pVAW411R2
was subcloned into pTZ18R and pTZ19R, which were digested with
Hincll and HindIIL (4) pVAW401 —An 890-bp Rsal fragment {rom
pEW101 was subcloned into the Hincll site of pTZ159R (3) FV'G11—
The St. Louis human genomic YAC library was screened by PCR with
primers IMG 3342 and IMG 3343 representing an STS in VAW 403R1
(Lupski et al., 1991a) to identify YAC A217H6. DNA from this YAC
w23 used for amplification with & pritner for the right end of the YAC
veclor (Nelson ef al, 1991) and the Alu primer 278 (Nelson ef al,
1989). The 550-bp PCR product FVG11 was directly sequenced using
the latter primers (Casanova et al, 1990). (§) pS6.1-HB2—A 555.-bp
EcoR} fragment from the cloned Alu PCR product 86.1-HB2 (Patel et
o, 1930b) was subcloned into the EcoRI site of M13mp18. (7) pA)Q-
41—The 345-bp {ragment f{rom the clone pUC10-41 (Barker et al,
19871 was subcloned into pTZ19R. (8) 0S2-GA3—The STS devel-
oped from pA10-4] sequence was used to identify YAC A167E7 (rom
the St. Louis human YAC library. A [ragment specific for the right
end of this YAC was amplified with a vector-specific primer (Nelson et
al, 1991) and the Alu primer $17 (Nelson ef gl 1989). This fragment
0S2-GA3 was subcloned into the Hincll site of pTZ19R. (9) pFG2—A
700-bp Mspl [ragment from the cloned Alu PCR fragment FG2 (Guz-
zetta et ol 1990) was treated with Klenow fragment to ensble cloning
into the Hincll site of pTZ19R. (10) pYNM6E7-R5—A 430-bp EcaRY/
Hincll fragment and a 360-bp repest-positive Haelll {ragment from
PYNM67-R5 (Ray et al., 1990) was subcloned into the EcoRl1/Hindll}
and Hincll site of pTZ19R, respectively. (11) c1516—A 284-bp £coR]
{ragroent from ¢1516 was subcloned into the EcoRl site of M13mpl8.
In addition, the subclones pEW 301 (Barkere? al., 1987), pEW 405, and
pVAW412R3 (Wright et al, 1990) were directly sequenced using dou-
ble:stranded plasmid DNAs after alkaline densturstion of the tem-
plate DNA

Polymerase chain reaction. The PCR was performed using stan-
dard conditions in a 50-ul reaction volume in & mixture containing 1
#M of each oligodeoxynucleotide primer with the exceptions noted
belows 250 pM of each ANTP, 5 4l of 30X PCR buffer {500 mM KCJ,
120 mM Tns-HCL, pH 8.0, 1.5 mM MgCi2, and 0.01% gelatin), and
1.26 units of Amplitaq (Cetus) DNA polymerase. The amplification
conditions were an initial denaturation at 94°C for 5 min, followed by
30 cycles of denaturation for 1 min at 84°C, annealing for 1 min at
55°C or es specified below, and extension for 2 min at 72°C in a first-
generation automated thermal cycler (Perkin-Elmer/Cetus). For
8TSs developed from c1516 and RM11-GT, an annealing tempersture
of 60 and 65°C, respectively, was used. When a primer had homology
with the Alu repeat, it was used at 0.1 g M. The PCR products were
visualized by electropharesing 10 ! of the reaction in a 1.3% agarose
gel in 1 TBE buffer.

For PCR amplification of polymorphic repeats, either primer was
end-labeled at 37°C as described by Lupski et al ({391). PCR was
performed as described above with 0.4 4] of the labeled primer, the
same unlabeled primer at 0.1 M, and the second unlabeled primer at
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FIG. 1. Mendelian inheritance of simple repeat polymorphisms
in 17p. Approximately 100 ng of genomic DNA from members of nu-
clear families segregating CMT1A was subjected to amplification with
primers for the indicated loci and analyzed by electrophoresis in 6%
polyacrylamide sequencing gels, as described under Materials and
Methods. The individual loci/markers are: (a) CHRNBI1 (c15F4), (b)
D17S61 (EW401), (¢) D17571 (p0OS2-GAJ), (d) D17S260 (c1541).

1 kM. A 1o1al of 2 ul of the reaction products was mixed with 4 ul of the
formamide dye and electrophoresed in a 6% polyacrylamide DNA se-
quencing gel 2t 40 W for 3.5 h. Gels were autoradiographed at ~70°C
for 2-12 h by exposure to Kodak XAR-5 film.

Fluorescence in situ hybridization. One- and two.color fluores-
cence in situ hybridization was performed as detailed elsewhere
(Trask, 1592). Probes used for FISH were as follows: €1516 and ¢1541
were oblained as previously described (Patel et ol , 1990s); cYNM6E7
was kindly provided by Dr. Y. Nakamura; c15F¢ was obtained as de-
scribed above in the section on STSs and c17-68 was obtained by
screening the Los Alamos flow:sorted chromosome 17 cosmid library
with the cDNA for the ¢ subunit of the mouse muscle nicotinic acetyl-
choline receptor; probe VAW409 represents a mixture of the sub-
clones pVAW{0SR] and pVAW4O3R3 (Wright et ol , 1990). Prometa-
phase chromosome spresds were prepared from methotrexate-syn-
chronized peripheral blood lymphocyte cultures of healthy donors
(Yunis, 1976). DNA was labeled with biotin- or digoxigenin-dUTP by
nick translation. To map probes relative 10 cytogenetic bands, biotin-
ylsted probes were hybridized individually to metaphase spresds and
labeled with fluorescein-conjugeted detection reagents [avidin-fluo-
rescein (FITC), biotinylsted gost anti-avidin antibodies, and avidin-
FITC). The chromosomes were incubated in DAPI and actinomycin
(Schweizer, 1976) to produce 2 Q-banding pattern similar to enhanced
QFH-type bands (Verma and Babu, 1989). The slides were mounted in
an antifade solution containing propidium iodide. Chromosomes were
viewed alternately through a filter set transmitting FITC-labeled
probe sites and propidium iodide counterstaining and a filter set
transmitting DAP] fuorescence. At least 10 metaphase spreads were
analyzed to establish the band locstion of each probe.

To establish relative probe order along the chromosome, two
probes, one biotinylated and one digoxigenin-labeled, were mixed and
hybridized simultaneously to metaphase chromosomes. The biotiny-

lated probe was subsequently labeled orange-red by incubation in avi-
din-Texas Red, biotinylsted goat-anti-avidin antibody, and avidin-
Texas Red. The digoxigenin-labeled probe was labeled green with
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sheep anti-digorigenin antibody (Fab fragments, Bochringer-Maga.
heim) and FITC-conjugated donkey anti-sheep IgG (Moleculs
Probes). Red and green signals were viewed simultaneously through,
duel band pass filter (Omega, Brattleboro, VT). The ch

were counterstained with DAPL. The order of red and green hybridiaa.
tion sites was scored relative to the long axes of at least 50 randomly,
selected chromatids. Ordering information could be obtained frn
those chromatids that showed red and green signals either mndn#
distal relative to each other, whereas side-by-side signals were nosin.
formative (Trask et al, 1391). The significance of the metaphase or|
dering results was determined by calculating the test statistic, z = 2
= 0.5) X n, where { is the observed fraction of observations in one
two classes (proximal or distal) and n is the number of observations |
these two classes. z was compared with tables of the normal disi
tion to obtain two-tailed P-values.

RESULTS

Sequence-tagged sites and simple repeat polymor
phisms for 17p loci. DNA sequence information
obtained for 15 loci in 17p and was used to design
primer pairs for PCR amplification. In addition, pub
lished information on sequence for the § subunit for tk
muscle nicotinic acetylcholine receptor gene (CHRNBI
was used to design primers IMG 3829 and IMG 3830 fo
PCR. Published primer sequences were used for amplif
cation of the ubiquitin locus mapping to 17p (Fainet
1991), and VAW409 (D175122) (Lupski et al, 1991) ki
These primer sequences and the sizes or size ranges
the corresponding amplification products are displaye
in Tables 1A and 1B.

Four new simple repeat PCR-based polymorphisms
were identified. One of these, a (GT), polymorphism a;
sociated with the gene for the § subunit of the muscl
acetylcholine receptor, was highly informative with ai
observed heterozygosity of 88% in 17 unrelated Cauca
sians and at Jeast 12 different alleles ranging in size fron
155 to 181 bp. Mendelian inheritance of the polymor,
phism was noted in five multigenerational families wit
108 individuals. A three-allele polymorphism associa
with the D17S71 locus was identified in a subclor
p0OS2-GA3 from the right end of YAC A165E7. Thi
polymorphism had an observed heterozygosity of 63% i
24 unrelated Caucasians. Mendelian inheritance of 4
polymorphism was observed in five multigeneratic
families with 140 individuals. Two two-allele polym
phisms associated with the D175260 locus (c1541)
the D17561 locus (EW401) were also identified. Mende
lian inheritance of each of these polymorphisms i
shown in Fig. 1. (GT), repeats were also identified atth
D178258 (c1516) and D17S5259 (pYNM67-RS) loci, bu
were not polymorphic, likely due to the fact that then
were fewer than 12 monomer motifs of the repeatedel:
ment.

Identification of yeast artificial chromosomes come
sponding to 17pSTSs. Thirteen primer pairs represent
ing 11 loci on the short arm of chromosome 17 were uset
to screen the human genomic YAC library constructe
at Washington University, St. Louis (Burke et al.,, 1987
Brownstein et al, 1989). The library was screened
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350
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FI1G. 2. PCR amplification products from representative loci in 17p obtained from somatic cell bybrids, 150 ng of genomic DNA from each
hybrid was subjected to PCR amplification with primers representing each of the loci, as described under Materials and Methods. Ten
microliters of the PCR reaction was electrophoresed in a 1.3% agarose gel. The size of the amplification product is indicated on the right. Hy
145-20D through Hy DHAY{ represent hybrids derived from individus]l SMS patients. Hy BSHS, HO-11, and JW -4 retain 1ipter -+ 17p11.2,
17p13.100 — 17qter, and 17p13.105 <= ] Tqter, respectively. Note that Hy 357-2D is the only Smith-Magenis hybrid to have s unique psttern of
deletion. The size of the PCR products for the VAW409 Jocus is varisble due 1o the presence of 3 (GT), repeat.

positive clones by a PCR-based strategy as described by
Kwiatkowski et al. (1990). YACs were identified with 10
of these primer pairs and are listed in Tables 1A and 1B.
The designations for the YAC clones correspond to the
original clone designations at Washington University,
St. Louis.

Somatic cell hybrids from SMS patients. Fifteen so-
matic cell hybrids retaining a del17(p11.2) chromosome
from previously described (Greenberg ef al, 1931) indi-
vidual patients with Smith-Magenis syndrome were con-
structed. These hybrids and four previously character-
ized hybrids, namely DHA4, B8H5, HO-11, and JW-4,
were subjected to analysis with the STSs described in
Table 1. Representative results with primers from eight
of these loci are shown in Fig. 2 and cumulative results
are depicted schematically in Fig. 3. The hybrids ana-
lyzed comprised a total of six different chromosomal
breakpoints, which produced a maximum of seven dif-
ferent recognizable regions that are cytogenetically de-
lineated into only two regions, namely 17p11.2 and
17p12. The majority of the SMS hybrids, with the ex-
ception of Hy 357-2D, appeared to have a similar pattern
of deletion for the markers tested.

Five markers were deleted in most of the patients
(D175446, D17S258, D17S29, D17S71, and D175445)

defining the Smith-Magenis critical region. One hybrid
from a SMS patient demonstrated a unique pattern of
deletion. Hybrid 357-2D had & deletion that extended
further distal [rom the centromere, as evidenced by dele-
tion for several 17pl12 markers (D17S125, D17S122,
D17S124) and retention of several 17p11.2 markers
(D178446. D17S258, D17S529).

Fluorescence in situ kybridization. Seven loci were
mapped relative to cytogenetic bands and relative to
each other by fluorescence in situ hybridization 1o meta-
phase chromosomes (Table 2). ¢<YNM67 and c1516
mapped to 17p11.2, VAW409 mapped to 17p11.2-p12,
and c15F4, c1541, and c17-68 mapped to 17p13. The hy-
bridization sites of these probes were labeled in different
colors so that their relative order could be determined on
metaphase chromosomes. For example, the site of
cYNME67 was proximal to the site of c1516 on a signifi-
cantly greater fraction of informative chromatids (73 of
109) than it was distal to ¢1516 (36 of 109) (P < 0.0005).
No ordering information was providéd by 71 additional
chromatids on which the hybridization sites of cYNM67
and c1516 were equidistant from the telomere. FISH or-
dering on metaphase chromosomes estsblished the
order: cen-cYNM67-c1516-VAW409<15F4{—<1541-
c17-68.
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FIG. 3. Deletion siatus of 17p markers in the hybrids determined by PCR. An idiogram illustrating the shon arm of chromosome I ¢

deletion intervals, and the relative position of individual markers are shown on the left. An open box indicates that the marker is deleted sis

solid box indicates that the STS yields an amplification product in the hybrid. The order of ¢ YNM67 and 1516 with respect to the centn
was established by FISH mapping.

DISCUSSION 357, who is deleted for all three markers, does notsh

any clinical signs of CMT1A, although further elect
physiological evaluation is required. This suggeststl
monosomy for the gene(s) in the CMT1A-associated ¢
plication interval does not lead to clinical signs
CMT1A. The deletion in this patient extends more te
meric to include the VAW411R2 (D175124) locus, »h
is not duplicated in CMT1A patients.

The gene for the § subunit of the muscle acetyicholi
receptor had been previously mapped to the 19pll
17p12 region (Beeson et al, 1989). Our studies cles
show that this gene maps to 17p13. This is based on P!
analysis of the hybrid panel using two different pris
sets specific for this gene and FISH. Thus, the chros

Much attention has been focused on efforts to charac-
terize the human genome at two levels: the gross physi-
cal and genetic mep of chromosomes and their DNA se-
quence (McKusick and Ruddle, 1987). The molecular
dissection of specific chromosomal segments and the ac-
quisition of region-specific polymorphic sequences are
significant steps toward these goals. We describe the de-
velopment of a somatic cell hybrid panel from SMS pa-
tients that should be very useful for the ordering of
probes within the 17p11.2-17p12 intervals and provide
valuable information on the molecular basis of the syn-
drome. The density of well-characterized markers avail-

able in this region did not allow us to differentiate the
deletions in these patients except in patient 82-357. The
extent of the region encompassed by the deletion in pa-
tient 92-357 has an interesting implication. This patient
carries a deletion spanning the markers LEW401
(D17S61), VAW409 (D17S122), and VAW412 (D17S-
125), which span a genetic distance of ~10¢cM (Wright et
al, 1990) and have been demonstrated to map within
a 1.5-Mb region duplicated in patients affected with
CMT1A (Lupski et al, 1991; our unpublished observa-
tions). This suggests that the proximal junction of the
CMT 1A -associated duplication may closely flank the
distal breakpoint in del(17)(p11.2) patients. Patient 92-

somal location of this gene, which is much more dis
than the markers mapping within the CMTIA-=
ciated duplication, makes it an unlikely candidate
this disease.

FISH mapping confirmed the hybrid panel resd
Probes from three of the seven intervals defined by!
hybrid panel were assigned to cytogenetic band o
tions. In addition, FISH mapping placed ¢ YNM&i pr
imal to ¢1516, c15F4 (NACHRB) in 17p13, distal
VAW 403, and placed two additional markers, ¢15411
c17-68 (CHRNE) distal to c15F4 (CHRNB1) in l'p

The use of PCR for analysis of hybrid DNA provet
be a relisble method, although persistent attachmen!
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TABLE 2
Two-Color Fluorescence in Situ Hybrldlution Orderlog of Probes on Mctaghase Chromosomes
plL2* pii2 Pl 2p12 p13 pl13 pi3
B: ¢YNMg? e1316 VAW 03 cl3F¢e c1541 cl7-68
A

SYNMsT 73, 71, 36* 52.8.3 30.0.40 155.0.0 nd
¢1316 4.5 09 33.0.0 103.1.1 12,0, 1
VAWW09 3.2¢ 3 1.0 32.§.0
¢15F4 33, 14,0 71.13.1
€841 38, 17 2
<1168

* Band location determined by hybridizing each probe 1o mewaphase chromosomes The chromosomes were stained with DAPI and actinomy:
< 1o produce enhanced QFH-like bands (Schwaizer, 1976) and countersiainad »ith propidiur iodide. The position of the fluarescein lsbeled
Rybeidizstion site was mapped relstive 10 cytogenetic bands on at least 10 weaphase spreads.

* The number of chromatids in which the hybridization site of probe A (row beading! was proximal 1o, st the same position as. or disul to
(listed iev 1het arder) the hybiridizaiion site of probe B (¢olumn heading) slong the Wong axis of the chromosome. Prabes A and B were hihiridized
simultanecusly 10 metsphase spreads, and their sites were (abeled wich differea: Saorachromes. In 8l cases, probe A was proximal to probe Bon
u significantdy greater fraction of chromstids than it was distal ko probe B (P < 0.0003; see Materials and Methods).

the parental lymphoblasts to the hybrid cells in the early
phases of the fusion interfered with the differentiation
of clanes retaining the deleted from those retaining the
tntact chromosorue 17 by PCR. Cross-species amplifica-
Uon occasionally occurred with the STS primers devel-
oped (rum the marckers RM11-GT and ¢1516, thus lead-
ing W some difficulty in establishing the deletion status
of the hybrids. These swo problems were ¢ircumvented
by reducing the amount of DNA used as template and
increasing the annealing termperature to allow selective
amplification of human sequences, respectively.

The construction of vegion-specific STSs allowed us
to isolate several YAC clones specific for chromasome
17pi1.2-p12. The availability of methods for rapid
screening (Kwiatkowski et al, 1990) and isolation of in-
sert-terminal sequences from YACs (Riley et al, 1990;
Nelson et al, 1991) provides the possibility of rapid
welking and ¢loning of DNA spanning the entire region.
The YACs will also be useful for the direct identification
of expressed sequences that wmay be candidates for
CMT 1A, Smith-Magenis syndrome, and other diseases
that may map to this region. YACs have recently been
used to directly screen ¢DNA libraries (Wallace et ai.,
1990; Elvin et al, 1990), and in addition, potential HTF
istands likely to be associated with expressed sequences
(Bird, 1987), may be easily identified on the restric-
tion map.

We also identified and characterized four siruple re-
peat polymorphisms (Weber, 1990), which will be useful
for establishing the parental origin of the deletion in
SMS patients and for genetic mapping of the region. In
particular, the identification of a highly informative po-
Wymorphism within the gene for the § subunit of the
muscle acetylcholine receptor will be useful for evaluat-
ing its importance in vatious human diseases by linkage
analysis.

In conclusion, the use of somatic cell hybrids and PCR
as well as fluorescence in sitv hybridization has proved
ta be a rapid and celisble method for mepping probes

and for the study of SMS, while the development of re-
agents such as STSEs, simple tepeat polymorphisms, and
region-specific YACs will be vseful for further physical
and genetic studies of this chromosomal segment.
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