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RESUMEN

INTRODUCCION

La leucemia linfoblastica aguda (LLA) es el cancer pediatrico mas comun vy la
principal causa de muerte por enfermedad en nifios. Es un desorden de las
células linfoblasticas, que son las precursoras de los linfocitos, y se caracteriza
por la acumulacidn en médula dsea y sangre de pequeiias células blasticas con
poco citoplasma y cromatina dispersa. El 80-85% de todas las LLAs son de linaje

de células B (B-ALL).

Una de las principales caracteristicas de esta enfermedad es su gran
heterogeneidad, con marcadas diferencias entre los individuos en el momento
del diagndstico, el comportamiento clinico y la respuesta al tratamiento. Ciertas
caracteristicas presentes al diagndstico como la edad, el recuento de gldbulos
blancos o la presencia de enfermedad extramedular se asocian con un
prondstico adverso. Las alteraciones citogenéticas se encuentran entre los

marcadores de mayor valor para la prediccién del prondstico.

En las ultimas décadas, la supervivencia ha mejorado mucho, en parte debido a
la implantacién de terapias combinadas y la adecuacion de la terapia a grupos
de riesgo. Los pacientes se separan en tres grupos de riesgo, Riesgo Estandar,
Alto Riesgo y Muy Alto Riesgo, en base a marcadores prondsticos y se intensifica
el tratamiento en los grupos en los que, a priori, se espera una peor respuesta.
De este modo, se aumenta la probabilidad de supervivencia en los grupos de
mal prondstico, mientras que se reduce la toxicidad en los pacientes con mejor

prondstico.



Sin embargo, uno de los problemas que se presentan durante el tratamiento es
que algunos pacientes en los grupos de riesgo estandar y alto riesgo no
responden bien al tratamiento y se convierten en alto riesgo y muy alto riesgo,
respectivamente. Esto significa que la clasificacién de los grupos de riesgo no es
totalmente exacta y es susceptible de mejora. El riesgo inherente a una
clasificacidon errénea es que algunos pacientes podrian recibir un tratamiento
menos intensivo del que necesitan. En este contexto, gracias a los avances en
tecnologia citogenética, hoy en dia se pueden identificar nuevas alteraciones
cripticas, tales como deleciones y duplicaciones, que no se podian detectar
hasta ahora. Algunas de estas alteraciones podrian ser utiles para mejorar la

clasificacion en grupos de riesgo.

Una vez que se establecen los grupos de riesgo, se ajusta el tratamiento. Hoy en
dia, se aplican protocolos de tratamiento complejos y bien establecidos. En
concreto, uno de los protocolos utilizados para el tratamiento de la LLA es el
aprobado por la Sociedad Espafiola de Hematologia y Oncologia Pediatrica,
LAL/SHOP. En estos protocolos, el metotrexato (MTX) y la 6-mercaptopurina

(6MP) son muy importantes.

Uno de los problemas mas importantes asociados con estos protocolos de
tratamiento es que, a pesar del éxito clinico, algunos pacientes experimentan
toxicidad grave, que puede requerir reduccién de dosis o suspensién del
tratamiento. Por lo tanto, seria de gran interés reconocer de antemano qué
pacientes van a sufrir de estos efectos secundarios, con el fin de ajustar el

tratamiento desde el principio. En este sentido, los estudios farmacogenéticos



estdn proporcionando una base importante para mejorar la eficacia del

tratamiento y reducir las complicaciones.

La farmacogenética es el estudio de la base gendmica de las diferencias
interindividuales en la absorcién, distribucion, metabolismo y excrecidn de los
farmacos (farmacocinética) y su relacidon con los efectos farmacoldgicos
terapéuticos o adversos (farmacodindamica). Los estudios farmacogenéticos
tratan de desarrollar modelos para predecir con exactitud la respuesta a los
farmacos y la toxicidad en cada paciente y utilizar esta informacién para
personalizar de forma prospectiva el tratamiento con el fin de mejorar su

eficacia y seguridad.

Los estudios farmacogenéticos pueden ser muy utiles en el contexto de la LLA

infantil por varias razones:

- Los protocolos de tratamiento estan estandarizados y bien establecidos.

- Los farmacos utilizados en el tratamiento tienen un rango terapéutico muy
estrecho. Es decir, hay poca diferencia entre la dosis efectiva y la dosis que
produce toxicidad. En consecuencia, pequefios cambios en la funcion de los
genes implicados en sus vias pueden tener un gran impacto en la respuesta al
tratamiento.

- Los genes que influyen en la respuesta a estos medicamentos son muy

variables.

Como el metotrexato y 6-mercaptopurina son la columna vertebral de la
terapia, ha habido un gran interés en el analisis de polimorfismos en los genes

implicados en su metabolismo y vias de transporte. Ademas, como los pacientes



de LLA infantil se tratan con regimenes complejos de multiples farmacos,
también se han estudiado polimorfismos en genes que codifican enzimas que

afectan a la detoxificacion de varios farmacos.

Sin embargo, las asociaciones encontradas entre polimorfismos y toxicidad no
se suelen confirmar. Esta falta de replicacién podria ser debida a diferencias
entre protocolos de tratamiento o al uso de poblaciones pequefias o no

homogéneas o criterios de toxicidad no homogéneos o poco objetivos.

Por otro lado, la mayoria de los estudios farmacogenéticos realizados hasta el
momento se centran en regiones codificantes. No obstante, estas regiones
corresponden sdlo a un 1,5% de la totalidad del genoma. En consecuencia, un
importante hito en los estudios recientes es el analisis de las regiones que no
codifican proteinas pero pueden tener una funcién reguladora, como los
microRNAs (miRNAs), pequefios RNAs enddgenos que participan en la
regulaciéon de la expresidon génica a nivel post-transcripcional. Los SNPs
relacionados con los miRNAs (SNPs en los genes de miRNA, en sitios de unidn y
en la via de biogénesis de miRNAs) pueden tener una importante funcién

reguladora y podrian jugar un papel importante en la respuesta al tratamiento.

HIPOTESIS
Un gran reto en el tratamiento del cancer es que la combinacién de variaciones
gendmicas adquiridas (somaticas) y heredadas (linea germinal) van a influir en la

eficacia y la toxicidad de la terapia.

Si tenemos en cuenta que el tratamiento de la leucemia linfoblastica aguda

infantil tiene un rango terapéutico estrecho y que la administracion de la terapia



mas intensiva que se pueda tolerar aumenta la supervivencia, debemos tener

en cuenta que:

Por un lado, algunos pacientes no responden bien al tratamiento y deben ser
cambiados a grupos de mayor riesgo. Esto puede querer decir que los grupos de
riesgo no estdan completamente bien definidos. Por lo tanto, seria de interés
caracterizar a los pacientes que desde el principio deberian haber sido

considerados como de mayor riesgo y tratarlos con una terapia mas intensiva.

Por otro lado, un alto porcentaje de pacientes experimentan toxicidad, que
puede llegar a ser muy grave en algunos casos, siendo necesario interrumpir el
tratamiento. En consecuencia, seria altamente beneficioso reconocer a los
pacientes que van a ser mas sensibles al tratamiento, con el fin de ajustar las

dosis.

Por estas razones, proponemos que se podria aumentar la supervivencia y
reducir la toxicidad con un tratamiento mas individualizado. Nos planteamos la
hipdtesis de que la identificacién de nuevos marcadores genéticos, utilizando
nuevas estrategias y tecnologias, permitird la caracterizaciéon de los tumores y
de los individuos, lo que facilitard la personalizacién y ajuste del tratamiento en

la LLA infantil.

OBJETIVOS

El objetivo principal de este trabajo fue mejorar el ajuste y la personalizacion del
tratamiento de los nifios con leucemia linfobldstica aguda mediante la
identificacion de nuevos marcadores genéticos que permitan hacerlo mas

seguro y eficaz.



Para ello, establecimos los siguientes objetivos especificos:

1) Mejorar la caracterizacién de los grupos de riesgo y ajuste del tratamiento

mediante nuevos marcadores genéticos presentes en el tumor.

- Detectar nuevas regiones de delecidon y amplificacién mediante oligo-
arrays.
- Definir su utilidad como marcadores para la caracterizacion de grupos

de riesgo.

2) Predecir la toxicidad debida al tratamiento mediante polimorfismos en genes

clave.

- Determinar si los polimorfismos en los genes mas representativos de las
vias metabdlicas de los farmacos utilizados en el protocolo LAL/SHOP
podrian ser utilizados como marcadores de toxicidad en LLA infantil.

- Determinar la implicacién de los polimorfismos en miRNAs que regulan
los genes de las rutas metabdlicas de los farmacos en la respuesta al
tratamiento de la LLA infantil.

- Determinar si los polimorfismos en los genes de procesamiento de

miRNAs tienen un papel en la toxicidad del tratamiento de la LLA infantil.

RESULTADOS
En primer lugar, en este estudio hemos querido identificar nuevas deleciones y
duplicaciones, cripticas para las técnicas tradicionales de citogenética, presentes

en las células tumorales que podrian permitir una mejor clasificacion de grupos



de riesgo. Con este objetivo, analizamos muestras de ADN de 23 pacientes con
diagndstico de B-ALL de los diferentes grupos de riesgo con Affymetrix
Cytogenetics Whole-Genome 2.7M Array. Detectamos un alto numero de
anomalias gendmicas por caso, incluyendo aberraciones recurrentes que
podrian contribuir a implementar la diferenciacién entre los grupos de riesgo
estandar y alto riesgo (delecién en 7p14.1 y 12923.1) o sustituir a marcadores
tradicionales como el cariotipado cuando estos fallen. También detectamos
alteraciones (ganancia en 1921.3 y 1g25.1, ganancia o pérdida en 5q33.3 y
pérdida en 10925.1-g25.2 y 12ql12) que podrian permitir una mejor
caracterizacion de los grupos de riesgo, ya que podrian distinguir entre
pacientes de riesgo estdndar que permanecen en este grupo y aquellos que
cambian a alto riesgo y, en consecuencia, deberian haber sido tratados como de

alto riesgo desde el principio.

Por otro lado, con el fin de seleccionar marcadores para predecir el efecto
toxico del tratamiento con el protocolo LAL/SHOP, evaluamos la influencia de
polimorfismos en genes clave en la toxicidad en un grupo de 115 nifios con
diagndstico de B-ALL y tratados de acuerdo con el protocolo estandar

LAL/SHOP.

En el grupo de las enzimas de detoxificacién de farmacos, no encontramos
ninguna asociacidon estadisticamente significativa entre los 5 polimorfismos
analizados en GSTM1, GSTT1, GSTP1, CYP1A1l y NQO1 y toxicidad en induccién o

consolidacion.

En la ruta de la 6-mercaptopurina, no encontramos ningln paciente con el

genotipo homocigoto deficiente para TPMT y no encontramos hinguna



asociacioén significativa entre el genotipo heterocigoto TPMT y cualquiera de los

pardmetros de toxicidad estudiados en la fase de consolidacion.

En nuestro estudio, hemos encontrado una asociacién significativa entre el
genotipo SLCO1B1 rs11045879 CC y el aumento de los niveles plasmaticos de
MTX. No se encontrd ninguna asociacién entre los polimorfismos en MTHFR,

SHMT1, TS, ABCB1, ABCG2 y RFC1 y la toxicidad del MTX.

Los alelos MTHFR 677T y A1298C codifican proteinas con menor actividad
enzimatica. Estos polimorfismos se han propuesto como posibles marcadores de
aumento de la toxicidad para la individualizacion de la dosis de MTX. En nuestro
estudio, no encontramos ninguna asociacidon significativa entre estos
polimorfismos y los niveles plasmdticos de MTX. De hecho, observamos una
tendencia a la reduccién de los niveles plasmaticos de MTX en el grupo de
pacientes con el genotipo 1298CC. Los resultados publicados por otros autores
son contradictorios. En este contexto, decidimos realizar una revisién y meta-
analisis para evaluar su papel en la toxicidad del MTX en LLA infantil. Segin los
estudios publicados y el meta-andlisis que hemos realizado, los alelos 677T y
1298C no parecen ser buenos marcadores de toxicidad MTX en los pacientes de
LLA infantil. En todo caso, el alelo 1298C parece ser mas probablemente un

factor de proteccidn que de riesgo.

El otro resultado interesante de este estudio fue que todos los pacientes con el
genotipo SLCO1B1 rs11045879 CC tenian altas concentraciones plasmaticas de
MTX a las 72 h después de la infusién con MTX. Por otra parte, el genotipo
rs4149081 AA siempre estaba asociado con altas concentraciones plasmaticas

de MTX, aunque esta asociacién no alcanzé significacion estadistica (p=0,057).



Ademas, los 3 individuos con el genotipo rs11045879 CC y los 2 pacientes con el
genotipo rs4149081 AA desarrollaron toxicidad durante el tratamiento de
consolidacion. Ambos SNPs, rs4149081 y rs1104579, estan en desequilibrio de
ligamiento. En consecuencia, el hecho de que ambos SNPs estén asociados con
la toxicidad sugiere la implicacién de estos SNPs o de otros SNPs en el bloque de
ligamiento en el aclaramiento del MTX, asi como un papel importante de

SLCO1B1 en la toxicidad del MTX.

En este contexto, pensamos que seria de gran interés estudiar la implicacién de
otros polimorfismos en SLCO1B1 y otros genes relacionados en la toxicidad del
MTX. Sin embargo, no existen estudios que analicen en profundidad los
polimorfismos de los genes implicados en el transporte y la toxicidad de MTX.
Esa es la razon por la cual decidimos evaluar la correlacion de 384
polimorfismos en 12 genes clave implicados en la ruta de transporte con la
toxicidad del metotrexato en un grupo mayor de 151 nifios con diagndstico de

B-ALL y tratados de acuerdo con el protocolo estandar LAL/SHOP.

En este estudio, identificamos principalmente dos polimorfismos y un haplotipo
significativos en dos genes transportadores de MTX, y ABCC4 ABCC2, asociados
con el aclaramiento de metotrexato en pacientes de LLA infantil. La
identificacion de estos polimorfismos en nifios con LLA podria ser una
herramienta util para el seguimiento de pacientes con riesgo de bajo

aclaramiento de MTX para evitar la toxicidad relacionada con este farmaco.

También se ha propuesto que SNPs relacionados con los miRNAs pueden
interferir con la funcién de los miRNAs y podrian conducir a la sensibilidad al

tratamiento. De hecho, en nuestro estudio en la ruta del transporte de MTX



observamos que el polimorfismo con la asociacién mas fuerte con toxicidad del
MTX en ABCC4 creaba un nuevo sitio de unién de miRNAs. Sin embargo, existen
muy pocos estudios que analicen el papel de los polimorfismos en miRNAs y
genes de procesamiento de miRNAs y, hasta ahora, ninguno de ellos ha sido
llevado a cabo en la LLA infantil. Esa es la razén por la cual decidimos ampliar
nuestro estudio y analizar polimorfismos en pre-miRNAs y en la via de Ia

biogénesis de miRNAs.

Hemos encontrado 30 asociaciones estadisticamente significativas con la
toxicidad durante la fase de induccion del tratamiento (16 se encuentran en los
genes de procesamiento y 14 en pre-miRNAs). También se encontraron 31
asociaciones estadisticamente significativas con toxicidad durante la fase de
consolidacion (23 en los genes de procesamiento y 8 en el pre-miRNAs). De
éstos, la asociacién entre rs639174 en DROSHA y vémitos se mantuvo

estadisticamente significativa después de la correccion FDR.

CONCLUSIONES

En LLA infantil:

1. La delecién en 14924.2 podria ser un nuevo marcador de riesgo estandar y la

delecion en 12g23.1 de alto riesgo.

2. Un total de 5 nuevos marcadores (las ganancias en 1g21.3 y 1g25.1, las
pérdidas en 10925.1-g25.2 y 1212 y la ganancia o pérdida en 5g33.3) podrian

mejorar la caracterizacién del grupo de riesgo estandar.



3. No hay evidencia para apoyar el uso de de los SNPs MTHFR C677T o A1298C

como marcadores de toxicidad del MTX.

4. SNPs en transportadores de MTX como rs11045879 en SLCO1B1, rs9516519
en ABCC4 y rs3740065 en ABCC2 podrian ser herramientas utiles para evitar la

toxicidad relacionada con MTX.

5. EI SNP rs56103835 en mir-453, que podria regular los genes ABCC1, ABCC2 y
ABCC4, podria ser también un marcador de la toxicidad del MTX. rs639174 en
DROSHA, un gen de procesamiento de miRNAs, esta fuertemente asociado con
vomitos. Estos dos resultados sugieren que los SNPs relacionados con miRNAs,

podrian ser utiles en los estudios de toxicidad.

Conclusiones finales:

El tratamiento de la LLA-B infantil se puede mejorar utilizando nuevos

marcadores genéticos para predecir la eficacia sobre el tumor y el riesgo de

toxicidad en el individuo.

Abrimos un nuevo campo de investigacion, que implica el estudio de

polimorfismos relacionados con los miRNAs en el tratamiento de la LLA infantil.
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Introduction

ACUTE LYMPHOBLASTIC LEUKEMIA

DEFINITION

Lymphoid neoplasms constitute an heterogeneous group of neoplasms of the

lymphoid system at various stages of differentiation, defined by distinct cells of

1

origin, pathologies, risk factor profiles and prognoses ~. These neoplasms

together comprise the sixth most common group of malignancies worldwide .

Myeloid stem cell Lymphoid stem cell
\
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Figure 1. Normal blood cell development

(http://www.cancer.gov/cancertopics/pdg/treatment/childALL/Patient/pagel NCI).
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Introduction

Acute lymphoblastic leukemia (ALL) is a neoplasm of precursor cells
(lymphoblasts), committed to the B- or T-cell lineage. Acquisition by the
precursor of a series of genetic abnormalities disturbs its normal maturation
process (Figure 1), leading to differentiation arrest and proliferation of the
transformed cell. As a consequence there is accumulation of an immature B- or
T-cell clone, typically composed of small to medium-sized blast cells with scant
cytoplasm, moderately condensed to dispersed chromatin and inconspicuous
nucleoli. By definition, bone marrow is involved in all cases and peripheral blood
is usually affected. Extramedullary involvement is frequent, with particular
predilection for the central nervous system, lymph nodes, spleen, liver and

testis in males .

EPIDEMIOLOGY

Acute lymphoblastic leukemia (ALL) is primarily a disease of children; 75% of
cases occur in children under six years of age and there is a frequency peak
between 2 and 5 years. In fact, ALL is the major pediatric cancer in developed
countries, accounting for 30% of all malignancies in children *®. The worldwide
incidence is estimated at 1-4.75/100,000 per year “*. Despite cure rates now
exceeding 80% °, ALL remains the leading cause of non-traumatic death in

children and young adults 2.

The 80-85% of all the ALL are of B-cell lineage (B- ALL) °. From now on, we are

going to center in this majority subtype.
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ETIOLOGY

The precise pathogenetic events leading to development of acute lymphoblastic
leukemia are unknown. Only a few cases (<5%) are associated with
inherited, predisposing genetic syndromes, such as Down’s syndrome, Bloom’s
syndrome, ataxia-telangiectasia, and Nijmegen breakage syndrome, or with

ionizing radiation or exposure to specific chemotherapeutic drugs °.

Some translocations associated with B-ALL have been detected in neonatal
specimens long before the onset of leukemia, and monozygotic twins with
concordant leukemia frequently share genetic abnormalities, suggesting a
genetic component to at least some cases. In fact, many of these translocations

appear to be primary initiating events “'>**,

There is very strong evidence that for the majority of childhood acute leukemia
the first genetic event occurs prenatally in the fetus. Only 1% of preleukemia
clones convert to overt leukemia and the most plausible explanation currently
available is of an abnormal deregulated response to infection as proposed and

1

investigated by Greaves '*. Whether any of the other putative leukemogenic

factors play any part in these secondary events is yet unclear.

Genetically determined responses certainly do provide a degree of
individual susceptibility, e.g. to produce an abnormal immune response which

may drive the secondary events to convert pre-leukemic clones into overt ALL .
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CLINICAL FEATURES

Most patients with B-ALL present with evidence and consequences of bone
marrow failure: thrombocytopenia, anemia and/or neutropenia. The leukocyte
count may be decreased, normal or markedly elevated. Lymphadenopathy,
hepatomegaly and splenomegaly are frequent. Bone pain and arthralgias may

be prominent *.

The lymphoblast in B-ALL in smeared imprint preparations vary from small
blasts with scant cytoplasm, condensed nuclear chromatin and indistinct
nucleoli to larger cells with moderate amounts of light blue to blue-grey
cytoplasm occasionally vacuolated, dispersed nuclear chromatin and multiple
variably prominent nucleoli. In most cases the morphology of the lymphoblast
differs from that of normal B-cell precursors (hematogones) with which they

may be confused .

In bone marrow biopsies, the lymphoblasts in B-ALL are relatively uniform in
appearance with round to oval, indented or convoluted nuclei. Nucleoli range

from inconspicuous to prominent. The chromatin is finely dispersed ™.

The lymphoblasts in B-ALL are almost always positive for the B-cell markers
CD19, cytoplasmic CD79a and cytoplasmic CD22; while none of these by itself is
specific, positivity in combination or at high intensity strongly supports the B

lineage.

The degree of differentiation of B-lineage lymphoblasts has clinical and genetic

correlates. In the earliest stage, so called early precursor B-ALL or proB-ALL, the
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blasts express CD19, cytoplasmic CD79a, cytoplasmic CD22 and nuclear TdT. In
the intermediate stage, so called common ALL, the blasts express CD10. In the
most mature precursor B differentiation stage, so called pre-B-ALL, the blasts
express cytoplasmic W chains. The immunophenotype of precursor B-ALL differs
in almost all cases from that seen in normal B-cell precursors. These differences
can be very useful in evaluation of follow up bone marrow specimens for

minimal residual disease ***.

CLASSIC PROGNOSTIC AND PREDICTIVE FACTORS

One of the main characteristics of this disease is its great heterogeneity, with
marked differences between individuals at diagnosis, clinical behavior and

response to chemotherapeutic agents.

Infancy, increasing age (>10 years) and higher white blood cell count are all
associated with adverse prognosis. The presence of CNS disease at diagnosis is

associated with adverse outcome, and requires specific therapy.

In this context, it is very remarkable that cytogenetic abnormalities are among
the markers with the highest value for prognosis prediction. Cytogenetic
alterations are seen in the majority of cases of B-ALL and, in many cases, they
define specific leukemia subtypes with unique phenotypic and prognostic

features (Table 1).
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Table 1. Most common cytogenetic abnormalities in ALL and their
prognostic value.

Prognosis Cytogenetic abnormalities
Hyperdiploidy 51-81 chromosomes
Favorable or no unfavorable t(12;21) TEL-AML1+

Normal Karyotype
Hyperdiploidy 47-50 chromosomes
Hypodiploidy 30-45 chromosomes
Unfavorable Almost tetraploidy 82-94 chromosomes
Other structural changes not included

in the other groups
Almost haploidy 24-29 chromosomes
Very unfavorable t(9;22) BCR/ABL+
t(4;11) MLL+

1(9;22)(934;911.2); BCR-ABL1:

BCR-ABL1 associated ALL accounts for only 2-4% of childhood ALL. The t(9;22)
results from fusion of BCR at 22q11.2 and the cytoplasmic tyrosine kinase gene
ABL1 at 9934, with production of a BCR-ABL1 fusion protein. There is some
suggestion that the cell of origin of t(9;22) ALL is more immature than that of
other B-ALL cases *°. The presence of this translocation has the worst prognosis

among patients with ALL .

t(v;11923); MLL rearranged:

ALL with MLL rearrangements is the most common leukemia in infants <1 year
of age. It is less common in older children and increases with age into
adulthood. The MLL gene on chromosome 11g23, that encodes a histone
methyl -transferase involved in epigenetic regulation, has many fusion partners.
The most common partner genes are AF4 transcription factor on chromosome
4921, ENL on chromosome 19p13 and AF9 on chromosome 9p22. Leukemias

with the MLL-AF4 translocation have a poor prognosis *.
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t(12;21)(p13;922); TEL-AML1 (ETV6-RUNX1):

TEL-AML1 leukemia is common in children accounting for about 25% of cases of
B-ALL. It is not seen in infants and decreases in frequency in older children. The
t(12;21)(p13;922); ETV6-RUNX1 translocation results in the production of a
fusion protein that interferes with normal function of the transcription factor
RUNX1, involved in normal hematopoiesis. This leukemia appears to derive from
a B-cell progenitor rather than from a hematopoietic stem cell. B-ALL with the
TEL-AML1 translocation has a very favorable prognosis, especially if they have
other favorable risk factors. Relapses often occur much later than those of other
types of ALL. Children with this leukemia who also harbor adverse prognostic
factors, such as age over 10 years or high white count do not have as good a
prognosis, but may still fare better than other patients with these same adverse

factors ™.

Hyperdiploidy:

This leukemia is common in children, accounting for about 25% of cases of B-
ALL. It is not seen in infants, and decreases in frequency in older children.
Hyperdiploid B-ALL contains a numerical increase in chromosomes, usually
without structural abnormalities. Extra copies of chromosomes are non random,
with chromosomes 21, X, 14 and 4 being the most common and chromosomes
1, 2 and 3 being the least often seen '°. Specific chromosomes that appear as
trisomies may be more important to prognosis than the actual number of
chromosomes, with simultaneous trisomies of 4, 10 and 17 carrying the best
prognosis *’. Hyperdiploid B-ALL has a very favorable prognosis. Presence of
adverse factors, such as advanced age or high white count may adversely affect
the prognosis, but patients may not fare as badly as others without this

favorable abnormality *.
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Hypodiploidy:

Hypodiploid ALL accounts for about 5% of ALL overall. All patients by definition
show loss of one or more chromosomes, having from 45 chromosomes to near
haploid (23-29 chromosomes). Structural abnormalities may be seen in the
remaining chromosomes though there are no specific abnormalities that are
characteristically associated. The diagnosis of near haploid or low hypodiploid B-
ALL may be missed by standard karyotyping because the hypodiploid clone may
undergo endoreduplication doubling the number of chromosomes, resulting in a
near diploid or hyperdiploid karyotype. Hypodiploid B-ALL has a poor prognosis.
The prognosis depends on the number of chromosomes: those with 44-45
chromosomes have the best prognosis and those with near haploid B-ALL fare

worst in some but not in all studies ***°

. There is some evidence that, in contrast
to other types of B-ALL, patients may fare poorly even if they do not have

minimal residual disease following therapy ™.

t(1;19)(g23;p13.3); E2A-PBX (TCF3-PBX1):

E2A-PBX ALL is relatively common in children, accounting for about 6% of cases
of B-ALL. The E2A-PBX translocation results in the production of a fusion protein
that has an oncogenic role as a transcriptional activator and also likely interferes
with the normal function of the transcription factors coded by E2A, involved in
lymphocyte development and PBX1. The functional fusion gene resides on
chromosome 19, and there may be loss of the derivative chromosome 1 in some
but not all cases, resulting in an unbalanced translocation. In early studies, E2A-
PBX was associated with poor prognosis, but this is now readily being overcome

with modern intensive therapy .

10
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The treatment outcome for children with acute lymphoblastic leukemia (ALL)
has improved substantially with the use of risk-directed treatment and
improved supportive care. The 5-year event-free survival rates for ALL now
range between 76% and 86% in children receiving protocol-based therapy in the

developed countries >3,

Risk-directed treatment is based on the stratification of patients based on
analysis of known prognostic markers, and the intensification of treatment in
groups in which, a priori, a poor response is expected (Table 2). Thus, the
probability of survival is increased in the groups of poor prognosis while the

toxicity is reduced in those with better prognosis *.

However, one of the most important problems during treatment is that some
patients in the standard risk and high risk group do not respond well to
treatment and become high risk and very high risk respectively, due to slow
response to initial therapy as assessed by morphologic examination of bone

marrow and the presence of minimal residual disease after therapy.

This means that risk group classification is not completely accurate and could be
improved. The risk attached to a misclassification is that some patients may be
undertreated. In this context, thanks to advances in cytogenetic technology,
new cryptic alterations can be identified, such as deletions and duplications,
which have not been detected until now. Some of these alterations could be

useful for the implementation of risk group classification.

11
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Table 2. Inclusion criteria in risk groups for ALL treatment.

STANDARD RISK (SR)

A patient must meet all the following criteria to be
included in this group:

Age 1-9 years

Common ALL immunophenotype (CD19+, CD10+,
cytoplasmic p chains -)

White blood cell count at diagnosis <20x10%/I

No extramedullary involvement (CNS, testis)

Absence of unfavorable cytogenetics

<5% blasts in bone marrow at day +14

<0.1% MRD at the end of the induction phase of
treatment

HIGH RISK (HR)

The existence of at least one of these criteria determines
the inclusion of the patient at high risk:

Age 2 10 years

Any immunophenotype except for the one indicated in SR
White blood cell count between 20 and 200x10°/I
Extramedullary involvement (CNS, testis)

Unfavorable cytogenetics

> 5% blasts in bone marrow at day +14

> 0.1% MRD at the end of induction

VERY HIGH RISK (VHR)

The existence of at least one of these criteria determines
the inclusion of the patient at high risk:

White blood cell count >200x10%/I

Very unfavorable cytogenetics

HR with > 5% blasts in bone marrow at day +14/+21

HR with 2 0.1% MRD at the end of consolidation

12
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NEW CYTOGENETIC PROGNOSTIC FACTORS

As we have previously described, childhood ALL is divided in multiple subtypes
defined by recurring cytogenetic alterations *°. These alterations are widely
used in the stratification of patients into risk groups in order to define the
therapy ’. Several observations indicate that these alterations are insufficient to
explain the response to therapy. This suggests that the detection of additional
genetic alterations is required in order to improve risk group classification and

treatment adjustment "*°.

Identification of these additional genetic alterations has been limited by
conventional cytogenetic approaches, which typically can only detect gross
rearrangements or structural alterations more than several megabases in size
3738 The completion of the human genome project and the development of
microarray technologies to profile structural genetic alterations at high
resolution have changed our ability to identify genetic alterations in cancer

genomes ’.

Submicroscopic genetic  alterations can define novel subgroups of
acute lymphoblastic leukemia, cooperating with known cytogenetic alterations
7. Over 50 regions of recurring genetic alteration have been detected in ALL *°.
Many of these are not evident on conventional cytogenetic analysis
and commonly involved only a single or few genes that can be involved

in leukemogenesis.

Many of the targets of alteration were logical candidates in leukemogenesis,

including tumor suppressor and cell cycle regulatory genes (CDKN2A/B, PTEN,

13
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RB1), transcription factors and transcriptional coactivators (ETV6, ERG,
TBL1IXR1), involved in lymphoid maturation and signaling that have not
previously been studied (e.g., BTLA/CD200, TOX), and genes involved in drug
responsiveness (e.g., the glucocorticoid receptor NR3C1). In addition, over two-
thirds of B-progenitor ALL cases have genetic alterations that disrupt the normal

3940 Common targets of alteration are PAX5

process of lymphoid maturation
(paired box 5), IKZF1 (IKARQOS), EBF1 (early B-cell factor 1) and LEF1 (lymphoid
enhancer factor 1). Alterations of PAX5 are common in ALL but do not influence
treatment outcome, whereas alterations of /KZF1 are less common but
strongly associated with poor outcome in multiple distinct subtypes of high-risk

ALL 4,

Another important observation was that the nature and frequency of individual
lesions varied significantly between B-ALL subtypes. Notably, MLL-rearranged
leukemias harbor few additional genetic alterations, consistent with the notion

4243 | contrast,

that MLL-rearrangement may be sufficient to induce leukemia
ETV6-RUNX1 (TEL-AML1) and BCR-ABL1 rearranged leukemias harbor ***

additional copy number alterations per case.

These studies have provided clear evidence of the power of genome-wide
profiling approaches to identify genes and pathways of central importance in
establishment of the leukemic clone, and also in responsiveness to therapy.
However, from the clinical perspective, despite remarkable progress in
cataloging the molecular lesions, our understanding of how to integrate these
findings into treatment adjustment and patient care is still rudimentary *°. We
think that the detection of new alterations, cryptic for the traditional

technologies, could be of great help for risk group optimization. This

14
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optimization would improve treatment, increasing the benefits of therapy while

reducing secondary effects.

CHILDHOOD ACUTE LYMPHOBLASTIC LEUKEMIA TREATMENT: LAL/SHOP

Once risk groups are established according to classic prognostic factors, the
therapy is adjusted. Nowadays, well established and complex treatment
protocols are applied °. Specifically, one of the protocols used in Spain for
treatment of ALL is the one approved by the Society of Pediatric Hematology
and Oncology, LAL/SHOP. It has several versions (94, 99, 2005), with slight
differences among them. LAL/SHOP 2005 is described below (Figure 2).

First, an induction phase is applied during about 5 weeks. In this phase, the
number of leukemic cells in the bone marrow is to be reduced to 5% in order to
restore normal hematopoiesis. For this, they use drugs such as prednisone
(glucocorticoid), vincristine (interferes with microtubules of the mitotic spindle),
L-asparaginase (inhibits activation of asparagine and interferes with the
synthesis of proteins), daunorubicine (blocks topoisomerases) and
cyclophosphamide (alkylating agent). Furthermore, intrathecal therapy
(methotrexate, cytarabine and hydrocortisone) is begun to avoid the

involvement of the central nervous system (CNS).

In the next phase of consolidation, which is maintained for around 8 weeks, the
treatment is enhanced to prevent the onset of therapy-resistant clones. All the
risk groups receive the same consolidation therapy. At this stage, methotrexate

(MTX) and 6-mercaptopurine (6-MP), that are the backbone of therapy, are
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used. Methotrexate is a folate analogue that exerts its antitumor effect by
inhibiting the synthesis of purines, pyrimidines and proteins. MTX is given in 24
h infusion with folinic acid rescue. The 6-mercaptopurine, meanwhile, is
analogous to purines and incorporated into DNA *°. Furthermore, the treatment
is completed with cytarabine (cytosine analogue inhibits DNA polymerase) and

intrathecal therapy.

LAL/SHOP 2005 protocol

— Induction SR — Consolidation SR Maintenance SR
DNR VCR MTX 6MP VCR  PDN
PDN CFM AraC TIT (MTX) MTX  6MP
ASP TIT (MTX) TIT (MTX)

— Induction HR — Consolidation HR — Intensification — Maintenance HR

DNR VCR MTX 6MP epiADR VCR VCR PDN  ASP

PDN CFM AraC TIT (MTX) DEXA CFM MTX 6MP

ASP TIT (MTX) MTX  ASP CFM  TIT (MTX)
AraC  TIT (MTX)

— Induction HR —> Consolidation HR -+ Blocks Intensification — Graft

DNR VCR MTX 6MP VCR  DNR
PDN CFM AraC TIT (MTX) DEXA CFM
ASP TIT (MTX) MTX  ASP

AraC  TIT (MTX)

Figure 2. Diagram of LAL/SHOP-2005 treatment protocol

Finally, it conducts a maintenance phase, which can be extended for about two
years, which is intended to maintain remission with reinductions. It still uses

methotrexate and mercaptopurine in combination with other drugs *°.

In high risk (HR) and very high risk (VHR) groups, in addition, there is an
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intensification phase before maintenance phase. In this phase, a variety of drugs
are used including vincristine, dexamethasone, methotrexate, cytarabine or L-
asparaginase. Patients who respond worse to treatment are undergoing

hematopoietic cell transplantation.

Improvements in treatment protocols have diminished or eliminated the impact
of many conventional prognostic factors in ALL, such as male sex and black race
2731 Thus current ALL trials have focused on improving not only the outcome of
a few subtypes that remain refractory to treatment (e.g., infant ALL with MLL
rearrangement, hypodiploid ALL, and poor early responders), but also the

quality of life of the patient *°.

One of the most important problems associated with these treatment protocols
is that, in spite of clinical success, some patients experience severe toxicity,
which can necessitate dose reduction or treatment cessation. Therefore, it
would be of great interest to recognize in advance which patients are going to
suffer from these side effects in order to adjust the treatment. In this regard,
pharmacogenetic studies are providing an important basis for enhancing the

effectiveness of treatment and reduce complications *’.
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PHARMACOGENETICS

Pharmacogenetics is the study of the genomic basis for interindividual
differences in the absorption, distribution, metabolism, excretion of drugs
(pharmacokinetics) and the relationship to pharmacologic effects, either

therapeutic or adverse (pharmacodynamics) “.

Pharmacogenetic studies try to develop models that accurately predict drug
response and toxicity for individual patients, and to use this information to
prospectively personalize treatment regimens with the goal of enhancing

efficacy and safety *.

The inherited interindividual differences in pharmacokinetics and
pharmacodynamics of drugs can be due to genetic polymorphisms affecting the

gene function or expression 48,30

. Common genetic variations include single-
nucleotide polymorphisms (SNPs), genomic insertions and deletions, and

genetic copy number variations (CNVs) .

The polymorphisms most often used in the pharmacogenetic studies are the
SNPs. SNPs are single base substitutions of one nucleotide with another (Figure
3), observed in the general population at a frequency greater than 1%. SNPs are
the simplest form of DNA variation among individuals occurring throughout the
genome at a frequency of about one in 200-300 bp. Recent large-scale studies
have identified approximately 15 million single nucleotide polymorphisms in the

1
human genome °'.
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Figure 3: Example of a SNP. Two chromosomes
with a C/T SNP.

SNPs can be found across human genome in genes as well as in non-genic
regions. Within a gene, SNPs that are located in coding regions are called coding
SNPs (cSNPs) (Figure 4A). Even though c¢SNPs have been the most studied
polymorphisms in the past years, SNPs in regulatory regions have also gained

importance due to their possible functional effects (Figure 4B).
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Original sequence

AUG UAC UAG
Met Tyr STOP
Synonimous SNPs Non-synonimous SNPs
AUG UAU UAG AUG AAC UAG
Met Tyr STOP Met Asp STOP

Altered amino acid sequence

Unaltered amino acid sequence
Nonsense SNPs

AUG UAG UAG

Termination of the amino acid sequence

Met

A)
Upstream
enhancers
\‘ o
“ Exonic splicing ——
enhancer (ESE) xonic splicing
silencer (ESS)
GT splice donnor \\

\

INTRON | INTRON
| \

Transcription
factor binding site

|
|
\
57— 5"UTR | EXON EXON | EXON 3" UTR 3
|
|
Upstream TATA Intronic splicing ‘ T
repressors enhancer (ISE) ‘ Poly A signal
‘ Intronic splicing
silencer (ISS)
TSS
AG splice acceptor

B)  Promoterregion

microRNA target site

Figure 4: A) Exonic SNPs with possible functional effect on the amino acid sequence. B)

SNPs with other possible functional effect on the gene.
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These potentially functional effects include alternative splicing, regulation in the
promoter region, changes in transcription factor binding sites, or
disruption/creation of CpG sites, that could carry changes in the methylation
pattern, or miRNAs target sites, involved in the downregulation of gene

expression at the post-transcriptional level.

Nevertheless, this type of polymorphism is relatively rare and it is not yet
possible to predict whether most noncoding polymorphisms might have
functional consequences. Given the high number of SNPs, it is impractical
genotyping all existing common variants. SNPs in the same region of DNA form
haplotypes that are typically inherited together. The human genome is
composed of stretches of high linkage disequilibrium (LD)* (regions with a high

level of concomitant inheritance), punctuated by recombination hotspots or

52-54

points of extremely low LD . This means that many SNPs located in the same

haplotype block are not inherited independently and show correlated

55,56

genotypes due to linkage disequilibrium , which results in redundancy of

information. The knowledge of the haplotype structure of the genomic region of
interest allows the selection of a reduced number of SNPs which ‘tag’ the

common haplotypes of a region, resulting in a great reduction of cost and time

57,58

*LD is observed when a particular allele at one locus is likely to co-segregate with a
specific allele at neighboring locus on the same chromosome more often than expected
by random segregation in a population. LD is a measure of association, correlation or
segregation of two separate loci in a population. Various measures have been proposed
to characterize LD; the most commonly used are D’ and r’. Both values range between 0
and 1. A value of D’ =1 is known as complete LD. Values of D’<1 indicate that the
complete ancestral LD has been disrupted. The magnitude of D’ depends strongly on
sample size and values of D’<1 have no clear interpretation. r* = 1is known as perfect LD
between two markers, making the two redundant. r* is more useful for dividing closely
located SNPs into blocks, but has no direct relationship with recombination.
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Therefore, a tagSNP is a representative SNP in a region of the genome with high
LD. Nowadays, the selection of tagSNPs is facilitated by the existence of The

International HapMap Project, a multi-country effort to identify and catalogue

genetic similarities and differences in human beings (Figure 5).

aNPs SNP SNP SNP
]
+ + +
Chromosome 1 AACACGCECA.... TTCGGGGTC.... AGTCGACCG....
Chromocseme2 AACACOGCCA.... TTCOAGOTE.... AGTCA ACCA....
Chromosoms3 AACATGEGCA.... TTEGGGGTE.... AGTCA ACCG. ...
Chromosoms4 AACACOCCA.... TTCB0BGTC.... AGTCOACCH....
) Haplm \\/
Hapicype1 CTCAAAGTACGATTCAGGcA — > ATC
Heplotype? TTGATTGCGCAACAGTAATA —>
Heplotype3 CCCOATCTOTOATACTEGTEG — >
Haplatype 4 e
+ + {
Tag SNPs = bl -
-] - - -
a [ ¢ G
Figure 5: Example of tagSNP a) SNPs are identified in DNA samples from multiple

individuals. b) Adjacent SNPs that are inherited together are compiled into
"haplotypes." c) Detection of "Tag" SNPs within haplotypes that identify uniquely those
compiled haplotypes. By genotyping the three tag SNPs shown in this figure, it can be
identified which of the four haplotypes shown here are present in each individual.

The selection of tagSNPs, that maximize the recognition of the common
variation across a given gene, together with the evaluation of multiple genes
biologically correlated with each other, increases the chances that at least one
typed SNP will be associated with disease. Indeed, this strategy is statistically

powered to detect such an association.
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CLINICAL IMPLEMENTATION OF PHARMACOGENETICS

Pharmacogenomics can play an important role in identifying responders and
non-responders to medications, avoiding adverse events, and optimizing drug

dose.

After more than half a century of pharmacogenetic research, the clinical use of
pharmacogenetic testing remains quite uncommon, despite many examples
showing that inherited genomic variation causes substantial interindividual

differences in drug effects .

The table below lists FDA-approved drugs for oncology with pharmacogenomic

information in their labels (http://www.fda.gov/drugs/scienceresearch/

researchareas/pharmacogenetics/ucm083378.htm) (Table 3). Some, but not all,

of the labels include specific actions to be taken based on genetic information.
Relevant sections of the label with such information are noted in the last

column of the table. Drug labels may contain information that can describe:

- Drug exposure and clinical response variability
- Risk for adverse events

- Genotype-specific dosing

- Mechanisms of drug action

- Polymorphic drug target and disposition genes
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Table 3. Pharmacogenomic Biomarkers in Drug Labels

Drug Therapeutic Area | Biomarker
Desloratadine and Pseudoephedrine Allergy CYP2D6
Celecoxib Analgesics CYP2C9
Codeine/ Tramadol and Acetaminophen Analgesics CYP2D6
Quinidine Antiarrhythmics CYP2D6
Terbinafine Antifungals CYP2D6
Voriconazole Antifungals CYP2C19
Chloroquine Antiinfectives G6PD
Rifampin, Isoniazid, and Pyrazinamide Antiinfectives NAT1; NAT2
Abacavir Antivirals HLA-B*5701
Boceprevir Antivirals IL28B
Maraviroc Antivirals CCR5
Peginterferon alfa-2b/ Telaprevir Antivirals 1L28B
(FE?;\;er::g:glMetoprolol/ Propafenone/ Cardiovascular CYP2D6
Clopidogrel/ Prasugrel / Ticagrelor Cardiovascular CYP2C19
Isosorbide and Hydralazine Cardiovascular NAT1; NAT2
Pravastatin Cardiovascular ApoE2
Cevimeline Biggﬁmmgy and | cyp2ps
Dapsone B;r:aal\tology and G6PD
Fluorouracil B;r:aal\tology and DPD
Tretinoin BZ:tnaTm'ogy and | oviL/RAR
Dexlansoprazole/ Pantoprazole/ Rabeprazole | Gastroenterology | CYP2C19
Dexlansoprazole (2) Gastroenterology | CYP1A2
Esomeprazole/ Omeprazole Gastroenterology | CYP2C19

Sodium Phenylacetate and Sodium Benzoate/
Sodium Phenylbutyrate

Gastroenterology

UCD (NAGS; CPS;
ASS; OTG; ASL;
ARG)

Lenalidomide Hematology Chromosome 5q
Warfarin (1) Hematology CYP2C9
Warfarin (2) Hematology VKORC1

Atorvastatin

Metabolic and
Endocrinology

LDL receptor
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Table 3. Pharmacogenomic Biomarkers in Drug Labels (Continuation)

Drug Therapeutic Area | Biomarker
Carisoprodol Musculoskeletal CYP2C19
Carbamazepine/ Phenytoin Neurology HLA-B*1502
Clobazam Neurology CYP2C19
Dextromethorphan and Quinidine/
Galantamine/ Tetrabenazine Neurology CYp2D6
Irinotecan Oncology UGT1A1
Mercaptopurine Oncology TPMT
Nilotinib Oncology UGT1A1
Rasburicase Oncology G6PD
Thioguanine Oncology TPMT
Aripiprazole/ Atomoxetine/ Chlordiazepoxide
and Amitriptyline/ Citalopram/ Clomipramine/
Venlafaxine/ Clozapine/ Desipramine/ Psychiatry CYP2D6
Doxepin/ Fluoxetine/ Olanzapine/
Fluvoxamine...
Citalopram/ Diazepam Psychiatry CYP2C19
UCD (NAGS; CPS;
Valproic Acid Psychiatry ASS; OTC; ASL;
ARG)
Indacaterol Pulmonary UGT1A1
Ivacaftor Pulmonary CFTR (G551D)
Drospirenone and Ethinyl Estradiol Reproductive CYP2C19

Reproductive and

Clomiphene Urologic Rh genotype

Tolterodine Reprod.uctlve and CYP2D6
Urologic

Azathioprine Rheumatology TPMT

Flurbiprofen Rheumatology CYP2C9

Introduction
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PHARMACOGENETICS IN PEDIATRIC ACUTE LYMPHOBLASTIC LEUKEMIA

Pharmacogenetic studies may be a useful tool in the context of childhood ALL

for several reasons:

- Treatment protocols are standardized and well established.

- Chemotherapy drugs used in treatment have a very narrow therapeutic range.
That means that there is little difference between the effective dose and the

458 Consequently, small changes in the

dose that begins to produce toxicity
function of the genes involved in their pathways can have a great impact in
treatment response.

- Genes that influence the response to these drugs are highly variable **4%°",
Thus, genetic variants have been described associated with relapse, which

would require, therefore, an increase in drug dosage, and variants associated

with toxicity that would require a reduction in this dose.

In this context, polymorphisms of the drug transporters, targets, and
metabolizing enzymes that could influence the effectiveness and toxic effects of

therapy in pediatric ALL have been described.

As methotrexate and 6-mercaptopurine are the backbone of pediatric ALL
therapy, there has been a great interest in analyzing polymorphisms in the
genes involved in their metabolic and transport pathways. In addition, as ALL

patients are treated with complex multidrug regimens, polymorphisms in genes
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encoding enzymes affecting the clearance of several drugs have also been

studied.

Pharmacogenetics of methotrexate pathway

Methotrexate (MTX) is a folate analogue that, once inside the cell, directly or
through its derivatives, inhibits DNA and protein synthesis. MTX is an essential
component of therapy in nearly all treatment protocols for childhood ALL.
Although the optimal dosage is still under active investigation, high-dose MTX
(HDMTX) is commonly given as consolidation therapy, and low-dose oral
MTX (LDMTX) is given in continuation therapy in most childhood ALL treatment

protocols *.

MTX enters the cell primarily via active transport mediated by the reduced
folate carrier (RFC1) ®*®. Once inside the cell, MTX is quickly converted into
polyglutamated forms (MTXPGs). MTX inhibits dihydrofolate reductase
(DHFR), which converts folates (DHF) to their active form tetrahydrofolate (THF),
affecting other important enzymes, such as
methylenetetrahydrofolate reductase  (MTHFR) and serine hydromethyl
transferase (SHMT1). On the other hand, the polyglutamated forms of MTX
target other folate-dependent enzymes such as thymidylate synthase (TS)
directly. As a result, nucleic acid and protein synthesis is inhibited, favoring cell

death

. Finally, different transporters act pumping MTX out of the
organism. These include ABC transporters, such as the multidrug
resistance protein (ABCB1) and the breast cancer resistance protein (ABCG2) %,

and organic anion transporters, such as SLCO1B1 °**° (Figure 6).
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Despite its clinical success, treatment with high-dose MTX often causes toxicity,
requiring a dose reduction or cessation of treatment. Therefore, for appropriate
use of MTX, it would be useful to identify a predictor of the adverse effects of

MTX &,

METHOTREXATE

Pyrimidine
synthesis

MTXPG

Double-Strand
breaks

Purine
5,10-CHa-THF THF H
5-CH1-THF Q synthesis

THF
v

Methionine

Protein
synthesis

Figure 6. Methotrexate pathway. Genes are marked in italics.

MTX pharmacokinetics exhibit a large interindividual variability that is still
incompletely understood in patients with normal renal and liver function and
sufficient hydration *°. In this context, polymorphisms of the MTX transporters,
MTX targets, and folate-metabolizing enzymes that could influence
the effectiveness and toxic effects of MTX in pediatric ALL have been described.

For instance, a polymorphism in RFCI (G80A), resulting in a less efficient
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transporter, has been associated with outcome 6970 leucopenia 1 treatment
interruption ’?, gastrointestinal "*’*, hematologic "° and hepatic toxicity **’°.
Polymorphisms inthe MTHFR (C677T and A1298C) gene, that reduce the

>7% and several

enzymatic activity, have been associated with outcome
toxicities °®’*7>77%2 polymorphism C1420T in SHMT1 gene, that affects the
enzymatic activity, has been associated with hepatic toxicity ®. 7S 28-bp tandem
repeat and 6bp deletion have been linked to differences in TS expression and

82,84-87

with treatment outcome , leucopenia, thrombocytopenia ’“*

and
mucositis '*. ABCB1 C3435T and ABCG2 C421A polymorphisms result in less
active transporters and have been associated with outcome ¥, nervous
system toxicity and infections *>*°. And more recently, the SLCO1B1 rs4149081

and rs11045879 polymorphisms have been associated with MTX clearance .

However, the associations of polymorphisms and toxicity found by several
groups are not always confirmed. For example, MTHFR C677T polymorphism

has been associated with increased toxicity in some populations #7772 pyt

63,73,74,76,83,88,96-100 or even find a

other authors did not find any association
protective effect ', This lack of replication could be due to differences
in treatment protocols among studies, small or non-homogeneous populations
or the use of different toxicity criteria. Consequently, studies with patients
treated homogeneously and the use of an objectively quantifiable marker of
toxicity are needed. In this context, MTX plasma levels at the terminal phase

could be an objective marker to analyze MTX-associated toxicity .
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Pharmacogenetics of 6-mercaptopurine pathway

The thiopurine antimetabolite 6-mercaptopurine (6MP) is an analogue of the
purine nucleosides hypoxanthine and guanine which interfere with nucleic acid
biosynthesis. MP is a key component in childhood ALL treatment protocols and

is used during consolidation treatment, as well as in maintenance therapy *.

After uptake via nucleoside transporters, 6MP is metabolized into active
cytotoxic thioguanine nucleotides (TGNs), with the initial step catalyzed by
hypoxanthine phosphoribosyl transferase (HPRT). Cytotoxicity occurs mainly by
incorporation of TGNs into DNA or RNA resulting in cell cycle arrest

and apoptosis ***°.

6MP can also be methylated by thiopurine methyltransferase (TPMT) to
methylmercaptopurine, an inactive metabolite that cannot be converted to

active nucleotides **%+1¢

. The TPMT pathwayis the main mechanism of
thiopurine’s intracellular inactivation in hematopoietic tissues. Thus the
balance between TGNs and inactive metabolites in hematopoietic cells is

regulated predominantly by TPMT *.

Large interindividual differences in TPMT activity were recognized as an
inherited trait over 25 years ago, and more recently the genetic polymorphisms

in the TPMT gene that are responsible for this pharmacogenetic trait have been

107
d

identified and characterize . Although more than 20 less active TPMT

variants have been described, three variant alleles, TPMT*2 (238G>C), TPMT*3A
(460G>A and 719A>G), and TPMT*3C (719A>G), account for more than 95% of

49,104,108

the inherited variability in TPMT enzyme activity . These polymorphisms
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do not affect the mRNA expression but they render the protein more
susceptible to degradation by the proteasome '®, leading to lower drug
inactivation (Figure 7). About 90% of the population has two wild-type TPMT
alleles (TPMT*1) and thus “normal” enzyme activity; about 5-10% of individuals
inherit one wild-type TPMT allele and one non-functional allele and have
intermediate activity; and only about one in300 persons inherits two

110

nonfunctional alleles and is therefore TPMT-deficient . Clinical interest in

TPMT pharmacogenetics is based on numerous studies showing that TPMT
genotype or phenotype identifies patients at high risk of hematopoietic toxicity

after thiopurine therapy **.

TPMT-deficient patients treated with
conventional doses of thiopurinesare predisposed to drug-induced
complications by accumulation of excessive intracellular concentrations of TGNs
#1214 - These patients require a reduction of more than 90% of the

conventional dose *°.

| TPMT*2 |
NP _TPMT*3A—> MemP
HPRT |  ——
TPMT*3C|
v
6-TGN

t Antileukemic effect
and toxicity

Figure 7. 6-mercaptopurine pathway (adaptation

from Lehne et al, 2007 ')
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Whether patients with one functional allele would benefit from dose reduction

. 46,49,72,73,75,85,116-130
is less clear

. Although heterozygous TPMT patients treated at
conventional doses (75 mg/m2 per day) have been described to be at higher risk
of hematopoietic toxicity ', those treated with lower doses (60mg/m2 per day)
did not exhibit a higher rate of hematopoietic toxicity and would therefore not
be expected to benefit from dose reduction “°. In addition, TPMT genotype has
been associated with a better early response to ALL chemotherapy, measured
as minimal residual disease (MRD) following ALL induction and consolidation
therapy. This finding was consistent with higher systemic exposure to
thiopurines due to lower MP metabolism. Long-term outcome studies are
necessary to clarify whether MP dose escalation in the large cohort of TPMT-

homozygous wild-type patients will yield greater efficacy in protocols that

routinely use lower MP doses (50-60 mg/m2/d).

Pharmacogenetics of drug-metabolizing enzymes

ALL patients are treated with complex multidrug regimens. Inherited genetic
variation affecting the clearance of several drugs would be expected to be
among the polymorphisms most likely to influence the risk of treatment failures
B! The most important groups of drug-metabolyzing enzymes are phase |
enzymes (CYP1A1), which metabolize the functional part of drug molecules,
leading to activation or inactivation of the molecule, phase Il enzymes (GSTs),

which conjugate drugs with endogenous substances so that the drug can be

more readily excreted, and free radical metabolyzing enzymes (NQO1).
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The family of cytochrome P450 (CYP) is responsible for the metabolism of
hormones and drugs. In the gene CYP1A1, CYPA1*2A allele results in an enzyme
with increased activity, so that the removal of drugs may be increased. Thus,
this polymorphism has been associated with poorer response to therapy *** and

with increased risk of secondary tumors after treatment **>.

The family of enzymes glutathione-S-transferases (GSTs) is responsible for the
inactivation of xenobiotics through conjugation with glutathione. Therefore they
are responsible for inactivating a wide range of drugs used in childhood ALL
therapy, such as glucocorticosteroids, vincristine, anthracyclines and
cyclophosphamide. Among the important pharmacogenetic polymorphisms
described in ALL, there are deletions of GSTM1 and GSTT1 genes and the A313G
substitution in the GSTP1 gene (GSTP1*B).

Homozygous deletion of GSTM1 gene is present in 50% of the population. A

possible role of this polymorphism in outcome has been described in patients

68,73,82

with ALL #3537 and it has also been related to hepatotoxicity and

infections *°. The homozygous deletion of the GSTT1 gene, found in 25% of the

population, is associated early response to prednisone and outcome 2434136137,

A possible association between these polymorphisms and the presence of

gastrointestinal toxicity has also been proposed "*#.

On the other hand, the GSTP1*B allele codifies a low-activity enzyme. A possible

82,89,136-139

association between this variant and relapse and central nervous

system toxicity > has been described in patients with ALL.
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The enzyme NAD (P) H: quinone oxidoreductase (NQO1) converts
benzoquinones in less toxic metabolites, protecting the body against tumor
development. It also inactivates drugs such as doxorubicin, which is part of the
induction phase of therapy in ALL **°. The variant NQO1*2 (C609T) has lower
enzyme activity. It has been associated with poorer survival and outcome in
patients with ALL ®*% It has also been related with an increased risk of

secondary tumors after treatment %',

However, the associations are sometimes contradictory and other works do not
observe any association. The relevance of these polymorphisms in ALL appears
to depend on the therapeutic strategy that is being applied *. For this reason, it
would be necessary to carry out their analysis in the context of each treatment

protocol to evaluate their effect.

MicroRNAs

Most of the pharmacogenetic studies carried until now are focused in coding
regions. Nevertheless, these regions correspond only to about 1.5% of the
entire genome. Consequently, a major landmark in recent studies is the analysis
of regions that do not codify proteins but may have a regulatory function, as

microRNAs (miRNAs).

The discovery of miRNA is one of the most exciting scientific breakthroughs in
recent history. MiRNAs are a family of endogenous small non-coding RNAs (=22
nucleotides long) involved in various developmental and physiological processes

that downregulate gene expression at the post-transcriptional level '*.
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MiRNAs genes are transcribed in the nucleus, synthesizing a double stranded
RNA (300-5000bp) called pri-miRNAs. These pri-miRNAs are processed to form
the pre-miRNAs, of between 60 and 100 nucleotides. The pre-miRNAs are
exported to the cytoplasm and finally, are cleaved to produce two strands of
miRNA; a mature miRNA of between 19 and 22 nucleotides and its
complementary miRNA. One of the strands of the miRNA binds specifically to an
mRNA **'* (Figure 8). MiRNAs recognize their target mRNAs by binding to the

>, which leads to an

3'UTR of the target gene with partial complementarity **
inhibition of translation and facilitated degradation of the target mRNA. Due to
this peculiarity, miRNA may influence the expression of many genes involved in
fundamental cellular functions such as proliferation, apoptosis and

146

differentiation So far, over 1000 miRNAs have been described and their

number is increasing 1

MiRNAs deregulation may occur through genetic alterations that can affect the
miRNA production, maturation processing and/or interactions with the target
mRNA **. MiRNA-related SNPs including SNPs in miRNA genes, SNPs in target
sites and SNPs in miRNA biogenesis pathway may function as regulatory SNPs
181%% Due to the hairpin structure at miRNA processing, the influence of the
thermodynamic stability of the strand that will be incorporated into the RISC
complex and the base pairing requirements between the miRNA and the mRNA,
SNPs in miRNA genes and in the genes involved in the miRNA processing can
affect both miRNA biogenesis and function '*. Similarly, SNPs in the miRNA
targets can also affect the function of miRNA. As it is known that a single miRNA
can have multiple targets, it is expected that SNPs found in miRNA may have

greater biological effects than SNPs in target genes '*.
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MRIRSIRALR 3\

Mature miRNA

Translational repression

Target mRNA cleavage

Figure 8. MiRNA biogenesis (adapted from Ryan et al, 2010 143).

Lately, it has been shown that the expression of specific miRNA can distinguish
different response to therapy in B-ALL. For example, within miRNA associated to
poor response, miR-125b, miR99a and miR-100 were related to resistance to
vincristine and daunorubicin in pediatric B-ALL. Overall these data suggest that
miRNA-related regulatory mechanism may play an important role in the

response to treatment 150.

Consequently, miRNA-related SNPs interfering with miRNA function may lead to
drug resistance or to drug sensitivity >*. For instance, a naturally occurring SNP
829C>T near the miR-24 binding site in the 3’UTR of DHFR altered miR-
152

24 function and caused increased DHFR expression and MTX resistance

However, there are few studies that show how these SNPs in miRNAs, in target
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sites or in the miRNA biogenesis pathway affect patient outcomes following
treatment with drug. Understanding the role and function of miRNA-related
SNPs has a promising future in pharmacogenomics and individualized medicine

and will provide more insights into the complex phenotype of B-ALL.
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Hypothesis and objectives

HYPOTHESIS

A challenge of cancer treatment is that the combination of acquired (somatic)
and inherited (germline) genome variation will influence the toxicity and

efficacy of cancer chemotherapy.

If we consider that pediatric Acute Lymphoblastic Leukemia treatment has a
narrow therapeutic index and that the administration of the most intensive
therapy that is tolerated increases the survival, we should take into account the

following:

On the one hand, some patients are undertreated, do not respond well to
treatment and must be changed to higher risk groups. This means that risk
groups are not completely well defined. Therefore, it would be of interest to
characterize those patients who from the beginning should have been

considered as higher risk and treated with more intensive therapy.

On the other hand, a high percentage of patients experience toxicity, which can
become very serious in some cases, being necessary to stop treatment.
Consequently, it would be highly beneficial to recognize patients who are going

to be more sensitive to treatment, in order to be able to adjust the dosage.

For these reasons, we propose that ALL survival could be increased and toxicity
reduced by more individualized treatment. We hypothesize that the
identification of new genetic markers using novel strategies and technologies
would allow tumor and individual characterization which would facilitate

treatment adjustment in pediatric ALL.
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Hypothesis and objectives

OBJECTIVES

The main goal of the present work was to improve the treatment
personalization and adjustment in children with Acute Lymphoblastic Leukemia

to make it more safe and effective by the identification of new genetic markers.

For this purpose, we set the following specific aims:

1) Improve the characterization of risk groups and treatment adjustment by the

identification of new genetic markers in the tumor.

- Detect new regions of deletion and amplification with oligo arrays.

- Define their usefulness as markers for risk groups’ characterization.

2) Predict the treatment toxicity with polymorphisms in key genes.

- Determine if the polymorphisms in the most representative genes of the
metabolic pathways of the drugs used in the LAL/SHOP protocol could be

used as toxicity predictors in pediatric ALL.
- Determine the involvement of polymorphisms in miRNAs that regulate
the genes of the metabolic pathways of the drugs used, in response to

pediatric ALL treatment.

-Determine if the polymorphisms in the genes of miRNAs processing have

arole in pediatric ALL treatment toxicity.

43



Hypothesis and objectives

44



MATERIAL & METHODS

45



46



Material and methods

POPULATION OF THE STUDY

The patients included in the whole study were 161 children all diagnosed with
B-ALL from 1995 to 2011 at the Pediatric Oncology Units of 4 Spanish reference
hospitals (Hospital Cruces; Hospital Donostia; Hospital Vall d’Hebrén and
Hospital La Paz). All patients were homogeneously treated with the LAL-SHOP
94, 99 and 2005 protocols. Informed consent was obtained from all patients or

their parents before sample collection.

In the copy number study, we included 23 of the patients diagnosed at the
Hospital Cruces, treated with the LAL-SHOP 2005 protocol, for which tumoral
and remission material was available. For the candidate genes approach, we
included 115 patients, treated in 3 hospitals (Hospital Cruces, Hospital Donostia
and Hospital La Paz). A year later, the sample population was increased.
Consequently, for the studies of polymorphisms in the MTX transport pathway,
we could include 151 patients from the 4 hospitals. In the study of

polymorphisms in the microRNAs pathway, 152 patients were included.

Clinical data were collected objectively, blinded to genotypes, from the patients’
medical files. Data collected included: risk group, treatment protocol, hepatic
toxicity (AST/ALT), hyperbilirubinemia, vomiting, diarrhea, mucositis and renal
toxicity (creatinine) and MTX concentrations 72 h and 96 h after infusion.
Toxicity was graded according to the Spanish Society of Pediatric Hematology
and Oncology (SHOP) standards, adapted from the WHO criteria (grades 0-4).
The highest grade of toxicity observed for each patient during the induction and

consolidation therapy period was recorded. Monitoring of MTX concentration in

47



plasma was carried out by a fluorescence polarization immunoassay on a TDx
system (Abbott Laboratories, Abbott Park, IL). MTX levels were considered high
if the concentration was over 0.2 uM. Other data including age, sex, and risk

group were systematically recorded from the clinical records.

DNA ISOLATION

For the copy number analysis, both samples at diagnosis and at remission were
collected. Genomic DNA was extracted from lymphocytes isolated with Ficoll-
Pague™ PLUS (GE Healthcare) from bone marrow or peripheral blood. Diagnosis
samples were assessed to have more than 70% blast cells and remission
samples had less than 5% blast cells. DNA was isolated using QlAamp DNA Blood
Mini Kit (Qiagen).

For the pharmacogenetic studies, germline genomic DNA was extracted with the
phenol-chloroform method (Annex I) from remission peripheral blood, isolated

granulocytes or bone marrow slides.

DETECTION OF COPY NUMBER ALTERATIONS

Copy number detection was carried out at the Centre for Applied Medical

Research (CIMA) with the Cytogenetics Whole-Genome 2.7M platform
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(Affymetrix). This array contains a total number of 2,761,979 copy number

probes that enable a high-resolution genome-wide DNA copy number analysis.

Figure 9. Amplified, fragmented and marked DNA is hybridized into the array that
contains probes representing the whole genome. The intensity of each spot is indicative

of the number of copies of each region of the genome

We started with 100ng of genomic DNA adjusted to a concentration of
approximately 33ng/ul, which was denatured and amplified. Amplified DNA was
purified using magnetic beads and its purity and concentration (above
0.55pg/ul) was validated with the Nanodrop spectrophotometer. Subsequently
the DNA was enzymatically digested to obtain fragments of 50-100bp. We

validated the correct fragmentation by electrophoresis on agarose gel and
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proceeded to the hybridization to the microarray. Washing and staining of the
Cyto-array was carried out with the GeneChip Fluidics Station 450 (Affymetrix)
and subsequent scanning using the GeneChip Scanner 3000 (Affymetrix), which
generated the raw data of the Cyto-array. The intensity of each spot is indicative
of the number of copies of each region of the genome (Figure 9). During the
protocol, specific reagents provided in the commercial Cyto-array kit

(Cytogenetics Reagent Kit, Affymetrix) were used in each stage.

GENES AND POLYMORPHISMS SELECTION

We followed different strategies for genes and polymorphisms selection.

CANDIDATE GENES APPROACH: GENES AND POLYMORPHISMS
PREVIOUSLY PROPOSED IN THE LITERATURE

We selected 13 genes within the 6-mercaptopurine and MTX pathways and
drugs-detoxifying enzymes. In those genes, we selected 18 polymorphisms
already studied in association with MTX response by other authors with

controversial results and/or with a demonstrated functional effect:

-At drug detoxifying enzymes we selected 5 genes, in which we studied 5
polymorphisms: GSTM1 and GSTT1 homozygous deletions, GSTP1 A313G
and NQO1 C609T, which decrease enzyme activity, and CYP1A1 T6235C that

increases the inducibility of the enzyme.
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-In the 6-mercaptopurine pathway, we selected 1 gene (TPMT), in which we
studied 3 polymorphisms (G238C, G460A and A719G) that reduce the

enzymatic activity.

-In the MTX pathway, we selected 7 genes, in which we studied 10
polymorphisms: RFC1 G80A, MTHFR C677T and A1298C, SHMT1 C1420T
and ABCG2 C421A, which reduce the protein activity, ABCB1 C3435T, TS 5’
region 28-bp tandem repeat (3R allele) and 3’ region 6-bp deletion (allele -)
that change gene expression and SLCO1B1 rs4149081 and rs11045879,
with unknown function, that have been strongly associated with MTX

clearance in a genome-wide study (see Introduction).

MTX TRANSPORT PATHWAY

Secondly, we focused on the MTX transport pathway.

A total of 12 candidate genes reported to be involved in methotrexate transport
and elimination pathway were selected, based on the information available in
the Pharmacogenomics Knowledge database, PharmaGKB
(www.pharmgkb.com). These genes encode the following transporter
proteins: ABCB1, ABCC1, ABCC2, ABCC3, ABCC4, ABCG2, SLC19A1, SLC22A6,
SLC22A8, SLCO1A2, SLCO1B1 and SLCO1B3.

A region ranging from 10-kb upstream of the translation initiation site to 10-kb

downstream of the translation stop site of each gene was selected. Candidate
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SNPs were identified following 3 strategies, focused mainly to include SNPs with
putative functional impact on protein structure and/or gene expression, as well
as SNPs maximizing the information of the common variation across a given

gene:

(i) TagSNPs defined using Haploview software v.4.2
(http://www.broadinstitute.org/haploview/haploview) with an r2 threshold of
0.8 with other SNPs in individuals with European ancestry (CEU) in HapMap
database. The main aim of this selection was to identify a set of SNPs efficiently
tagging almost all the known SNPs in the gene. In 11 genes, all tag-SNPs were
selected for genotyping. In the ABCC4 gene, due to its large size, a subset of 71

of the 110 defined tag-SNPs was selected.

(i) SNPs with potentially functional effects (causing amino acid changes,
potentially causing alternative splicing, in the promoter region, in putative
transcription factor binding sites, or disrupting CpG sites or miRNAs targets)

identified using bioinformatics tools (F-SNP, Fast-SNP, polymirTS, Patrocles).

(iii) SNPs previously reported to be associated with toxicity in the literature.

In all cases, we selected only SNPs with a reported minor allele frequency
greater than 10% (MAF>0.10) in European/Caucasic populations in order to
assure informative SNPs. This preliminary list of SNPs was filtered, using as
criteria, suitability for the Illumina genotyping platform (selecting from each
linkage block those SNPs with an assay score >0.6, associated with a high

success rate).
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A final number of 384 SNPs relevant to this study was includedin an
oligonucleotide pool assay for analysis using the lllumina Veracode technology

(lumina Inc., San Diego, CA) (Table 9, Annex I).

MICRORNAS PATHWAY

We have selected a total of 21 genes in the pathway of miRNAs biogenesis and

processing after literature review and using Patrocles database

(http://www.patrocles.org) (Table 4). We have also selected 42 pre-miRNAs

described in the

polymorphisms.

miRbasel6

(http://www.mirbase.org) with

known

Table 4. Genes involved in miRNA biogenesis and processing.

miRNA BIOGENESIS PATHWAY GENES

DROSHA COMPLEX DGCR8 DGCR8
DROSHA DROSHA
NUCLEAR EXPORT COMPLEX  XPO5 XPO5
RAN RAN
DICER COMPLEX DICER DICER
TRBP TRBP
RISC COMPLEX Argonaute Family HIWI
EIF2C1
EIF2C2
GW182 TNRC6A
TNRC6B
SND1 SND1
GEMIN Complex GEMIN 3
GEMIN 4
GEMIN 5
CCR-NOT Complex CNOT1
CNOT2
CNOT3
CNOT4
CNOT5
CNOT6
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Candidate SNPs were chosen according to the following criteria, focused mainly
to include SNPs with putative functional impact, as well as maximizing the

information:

1 - In the pathway of miRNAs biogenesis and processing, SNPs with potentially
functional effects (causing amino acid changes, potentially causing
alternative splicing, in the promoter region, in putative transcription

factor binding sites, or disrupting miRNAs targets) were identified using

153,154 155

bioinformatics tools (F-SNP, Fast-SNP, polymirTS , Patrocles 7). We also
included SNPs previously described in the literature. We selected only SNPs with
a reported minor allele frequency greater than 5% (MAF20.05) in

European/Caucasic populations.

2 — In the pre-miRNAs, we selected all the known SNPs with a MAF > 0.01 in
European/Caucasic populations, using Patrocles, Ensembl and dbSNP databases

and literature review.

The preliminary list of SNPs was filtered, using as criteria, suitability for the

Tagman Openarray platform.

A final number of 118 SNPs in genes involved in miRNA biogenesis and in pre-

miRNAs was included in a Tagman Openarray Plate (Applied Biosystems) (Table

10-11, Annex I).
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GENOTYPE ANALYSIS

CANDIDATE GENES APPROACH

The methods used for genotyping were PCR, PCR-RFLP and PCR allele-specific

(Table  5). Primers were  designed using  Primer3 program

(http://frodo.wi.mit.edu/primer3). Each PCR was performed with 50 ng DNA.
DNA fragments were visualized on a 3% agarose gel with ethidium bromide. An

8% acrylamide gel was used for analyzing TS 6-bp deletion. (Figures 10-13).

Table 5: Genotyping method for each of the polymorphisms selected.

Drug detoxifying enzymes

Polymorphism | Method Primers Restriction Reference
enzyme
GSTM1-F: GAACTCCCTGAAAAGCTAAAGC e
es T’V’;de’ L, GSTM1-R: CTTGGGCTCAAATATACGGTGG *
PCR- | GSTT1-F: TTCCTGGGTGAGCCAGTATC DO
multiplex [ GSTT1-R: TTGGCCTTCAGAATGACCTC i DO
GSTT1-del (1,
3) ALB-F: AAAGCCAGAGCTGGAAGTCA (control) DO
ALB-R: CAGCTTTGGGAAATCTCTGG (control) DO
GSTP1 A313G PCR- | F: AGGTGAGCTCTGAGCACCTG BsmAl (NEB) DO
(1,3) RFLP (8) | R: GAAGCCCCTTTCTTTGTTCA 0.5U, 55° on DO
NQO1 C609T PCR- | F: AAGCCCAGACCAACTTCT Hinfl (Takara) e
(1,3) RFLP (8) | R: TCTCCTCATCCTGTACCTCT 0.5U, 37° on 1%6
CYP1A1 PCR- | F: TGTAAAACGACGGCCAGTACAGGGTCCCCAGGTCAT Mspl (NEB) DO
T6235C (1, 8) | RFLP (8) | R: GGAAACAGCTATGACCCGGCACTTTGGGAGGCTGAG 2U, 37°on DO
6-mercaptopurine pathway
Polymorphism | Method Primers Restriction Reference
enzyme

F1: GTATGATTTTATGCAGGTTTG 1o
TPMT G238C :l’l‘;'fe R1: TAAATAGGAACCATCGGACAC ) 1o
(1,5) specific | F2: GTATGATTTTATGCAGGTTTC 1o
R2: TAAATAGGAACCATCGGACAC 1o
TPMT GA460A PCR- | F: CGACGGCCAGAGGAGGGGACGCTGCTCATCT BseRI (NEB) DO
(1,3) RFLP (9) | R: GAAACAGCTATGACCAAGGCCACACAGCTTGA 3U, 37°0on DO
TPMT A719G PCR- | F: TAAAACGACGGCCAGTTGGGGAATTGACTGTCTTT Accl (Takara) DO
(1,3) RFLP (8) | R:AACAGCTATGACGTCTACTTGCAATCTGCAAGACACA | 0.5U,37%0n DO

55




Table 5: Genotyping method for each of the polymorphisms selected (Continuation).

Methotrexate pathway

Polymorphism | Method Primers Restriction Reference
enzyme
RFC1 G80A PCR- F: CTGCAGACCATCTTCCAAGG Hhal (Takara) DO
(1,3) RFLP (8) | R: AGGAGGTAGGGGGTGATGAA 0.5U, 37° on DO
MTHFR C677T PCR- F: GGAAGGTGCAAGATCAGAGC Hinf | (Takara) DO
(1,3) RFLP (8) | R: CTCACCTGGATGGGAAAGAT 0.5U, 37°0on DO
MTHFR PCR- F: GTAAAACGACGGCCAGGGAGGAGCTGACCAGTGCAG | Fnu4HI (NEB) DO
A1298C (1, 3) RFLP (8) | R: GAAACAGCTATGACGCTGCGGTCAGGCCAGGGGCAG 0.5U, 37°0on DO
TYMS 2R/3R PCR F: CTCCGTTCTGTGCCACACC i DO
(2,4) R: GGAGGATGTGTTGGATCTGC DO
TYMS 6bp-del PCR F: GGAGCTGAGTAACACCATCG i DO
(1,5) R: CAGAATGAACAAAGCGTGGA DO
F1: GTTGAGAGCTTCGCCTCTT DO
SHMT1 C1420T aFI’I((:e Te R1: GTCAACAGTTCCCCTTTGGA i DO
(1,5) specific F2: GCCACCCTGAAAGAGTTCAA DO
R2: GCCAGGCAGAGGGAAGAG DO
F1: GTGATTCAAGGATAATAACCAACTTG DO
SLCO1B1 PCR R1: GCCCCAGCTAGTCATTCTGT DO
rs4149081 allele R

(1,6) specific F2: CTGACTTTGCATGCAGTATGG DO
R2: CCATTTTCTATTATCTCTGATTTTTGAT DO
F1: TGTTTCTTTGATGATATATATGAAGATGC DO
rsiLlc()Oll:lsg:ég aFl’I(; Te R1: GAAATTGTCTTTGTTTGCAATATGAC ) DO
(1,6) specific F2: TTAATCACATGCATTTAAATTTCCTC DO
R2: ATCCAGGGTTAATATAACAGAATCAAA DO
ABCB1 C3435T PCR- F: TTCAAAGTGTGCTGGTCCTG Mbol (Takara) DO
(1, 3) RFLP (8) | R: GCATGTATGTTGGCCTCCTT 0.5U, 37°on DO
F1: CTCTGACGGTGAGAGAAAACTAAC DO
ABCG2 C421A aFl’I((:eTe R1: TGCTGATCATGATGCTTTCA ) DO
(1,5) specific F2: CATGGTCTTAGAAAAGACTCATTATCA DO
R2: CGAAGAGCTGCTGAGAAGTT DO

on: Over night

DO: Design and optimization in our laboratory
(1)Master mix: 0.2 mM dNTPs, 1.5 mM MgCI2 (except for SLCO1B1, 2mM MgCl2 and CYP1A1, 1mM), 1X

ImmoBuffer, 10 pmoles of each primer and 0.5 U Immolase enzyme (BIOLINE)

(2) Master mix: GC-RICH PCR System (Roche Applied Science), according to the manufacturer’s instructions
(3) PCR protocol: 952C for 7 min, (959C for 30 s, 602C for 30 s, 72°C for 30 s) 35 cycles and 722C for 10 min
(4) PCR protocol: 95°C for 3 min, (95°C for 30 s, 58°C for 30's, 72°C for 45 s) 35 cycles and 72°C for 7 min
(5) PCR protocol: 95°C for 7 min, (95°C for 30 s, 582C for 30's, 72°C for 30 s) 35 cycles and 72°C for 10 min
(6) PCR protocol: 952C for 7 min, (95°C for 30 s, 60°C for 30 s, 72°C for 30 s) 30 cycles and 722C for 10 min
(7) PCR protocol: 95°C for 7 min, (95°C for 30 s, 652C for 30's, 72°C for 30 s) 35 cycles and 72°C for 10 min
(8) 15 ul of amplified DNA were used in each digestion
(9) 5 ul of amplified DNA were used in each digestion
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Figure 10. PCR allele specific (2 PCRs per
sample). TPMT G238C.

Figure 11. PCR allele specific (1 PCR per sample).
SLCO1B1 rs11045879.

57



<4+—— GSTT1
ALB

<4+—— GsTML

Figure 12. PCR-multiplex. GSTM1, GSTT1 and
ALB.

Figure 13. PCR-RFLP. MTHFR C677T.

MTX TRANSPORT PATHWAY

Genotyping was performed at the Spanish National Genotyping Center (CeGen)
using the GoldenGate Genotyping Assay with Illumina Bead Array System

(Hlumina Inc., San Diego; USA).
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In this approach during the liquid phase, allele specific oligos (ASO) are
hybridized to genomic DNA, extended and ligated to a locus specific oligo (LSO).
PCR is performed using universal primers. The multiplexed products are
hybridized to a universal Sentrix Array for detection and analysis. A schematic

view of the principle of the assay is shown in Figure 14.
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Assay Hybridization to Universal lllumiCode Array
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#561 #217 #1024
ASA G/G l cJ/T l
SNP #5861 SNP 8217 SNP #1024

Figure 14. Goldengate assay overview.

Each reaction required a total of 400 ng of DNA. The DNA was re-quantified at
the Spanish Genotyping Centre using PicoGreen technique (Invitrogen Corp.,
Carlsbad, CA) and diluted to a final concentration of 50 ng/ul. With this
technique, the concentration of DNA is determined by means of a fluorescent
dye that binds to double stranded DNA (PicoGreen®, Molecular Probes), which

is then quantified with a fluorometer.
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Data were analyzed with GenomeStudio software for genotype clustering and
calling. Duplicate samples and CEPH trios (Coriell Cell Repository, Camden, NJ)
were genotyped across the plates. SNPs showing Mendelian allele-transmission

errors or showing discordant genotypes were excluded from the analysis.

MICRORNAS PATHWAY

Genotyping was performed at the General Research Services (SGlker) of the
University of the Basque Country using TagMan Open Array technology (Applied

Biosystems) according to the published Applied Biosystems protocol.

TagMan OpenArray Genotyping Plates contain the selected TagMan SNP
Genotyping Assays pre-loaded and dried down in the through-holes. Each assay
contains: a specific fluorescent-dye labeled probe for each allele of the target
SNP (the probes contain different fluorescent reporter dyes in 5’ to differentiate
each allele), a forward primer, a reverse primer and a nonfluorescent quencher

(NFQ) at the 3’end of each probe.

During PCR, each probe anneals specifically to its complementary sequence
between the forward and reverse primer sites. The DNA polymerase can cleave
only probes that hybridize to their specific SNP allele (match). Cleavage
separates the reporter dye from the quencher dye, substantially increasing
fluorescence of the reporter dye. Thus, the fluorescence signals generated

during PCR amplification indicate the alleles that are present in the sample. A
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substantial increase in VIC dye fluorescence indicates homozygosity for allele 1,
an increase in FAM dye fluorescence indicates homozygosity for allele 2 and

both fluorescence signals indicates heterozygosity (Figure 15).

Allele
Legend
] ff}
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Match Mismatch ® FAM™ dye
f Quencher
Allele ,, @
AmpliTag
Gold® DNA
Il ” || Il || 1l || Il Polymerase
Malch Mlsmatch GR1556

Figure 15. Results from matches and mismatches between target and probe sequences
in TagMan SNP Genotyping Assays w7

A total of 300 ng of DNA were required from each sample to carry out the

analysis.
Data were analyzed with Tagman Genotyper software for genotype clustering

and calling (Figure 16). Duplicate samples were genotyped across the plates.

SNPs showing discordant genotypes were excluded from the analysis.
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Figure 16. Genotype clustering and calling with Tagman Genotyper software. AA
individuals are marked in red, AG in green and GG in dark blue.

DATA ANALYSIS

COPY NUMBER ALTERATIONS

The interpretation of images obtained by scanning the arrays were performed
using the Chromosome Analysis Suite (CHAS), Affymetrix annotations and
NetAffx version-build-3.1.0, based on version NCBIv37 genome (hg19), under
the supervision of Dr. Francesc Solé from the Institut de Recerca Hospital del

Mar (IMIM) (Figure 17). Filters were applied for CHAS to report only those gains
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or losses that affected at least 50 markers in 100Kbp. When, in some samples,
the quality parameters generated by the program were not optimal, we
increased the restriction filter to avoid false positives arising from increased

background noise in the results (200 markers altered in 200Kbp).

Figure 17. Deletion detected with ChAS.

In addition, we discarded those regions reported in telomeric or centromeric
areas with low density of markers in the microarray. We performed a visual
check of the changes reported by the program in order to accept or reject them
and we also added some variations that did not meet the filters restriction but

were clearly identified by visual check.

Abnormalities that remained after the screening described were used for
comparison of results obtained in the pathological samples and their matched
controls (complete remission). All variations detected in the control subjects
were considered polymorphisms of the general population and pathological

changes those that were identified only in the diagnosis sample.
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CANDIDATE GENES APPROACH

Genotypic frequencies for each SNP were tested for departure from Hardy-

Weinberg equilibrium (HWE) using Haploview 4.2 software.

The association between MTX plasma levels, and toxicity parameters was
evaluated by the %2 or Fisher's exact test. To assess the strength of the
association we calculated the odds ratio (OR) ant its 95% confidence intervals
followed by the area under the curve (AUC) from a receiver operating
characteristic (ROC) approach. This last estimate gives an indication of the
probability of discriminating between MTX plasma concentrations knowing the

reported toxicity.

The association between outcome and toxicity parameters, and genetic
polymorphisms was evaluated by the X2 or Fisher’s exact test. The effect sizes of
the associations were estimated by the OR’s from univariate logistic regressions
and multivariate logistic regressions to account for the possible confounding
effect of sex and age. In all cases the significance level was set at 5%. The p-
values obtained in the analyses (univariate and multivariate) of the 10 tested
polymorphisms were corrected for multiple comparisons by using the Benjamini

& Hochberg **® false discovery rate (FDR).
Analyses were performed by using Stata vl1l and R v2.11 software. Linkage

disequilibrium (LD) between the SNPs was analyzed using Haploview 4.2 by

. . . 2
calculating pairwise D' and r".
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MTX TRANSPORT PATHWAY

The association between MTX plasma levels, and genetic polymorphisms was
evaluated by the X2 or Fisher’s exact test as well as the Hardy-Weinberg
equilibrium. The effect sizes of the associations were estimated by the OR’s
from univariate logistic regression. The most significant test among dominant
and recessive genetic models was used to determine the statistical significance
of each SNp @€t 20100 Tha rasylts were adjusted for multiple comparisons by
the False Discovery Rate (FDR) (ref). We reasoned that gene-based correction
was sufficiently conservative because of the a priori hypotheses for these genes.
Multivariate logistic regressions were also performed to account for the
possible confounding effect of sex, age and MTX dose. In all cases the
significance level was set at 5%. Analyses were performed by using R v2.11
software. Haploview v.4.2 was used to determine haplotype block structure and
to infer haplotype frequencies between individuals with and without toxicity.
For haplotype and correction analysis, SLC22A6 and SLC22A8, that are located in

the same region, were considered as a single entity.

META-ANALISIS OF MTHFR POLYMORPHISMS

Search strategy

We performed an exhaustive search to identify studies that examined the
association between the C677T and A1298C polymorphisms of MTHFR and MTX
toxicity in pediatric ALL patients. We used the keywords and subject terms

“MTHFR and acute leukemia”, and “MTHFR and polymorphism(s) and toxicity”
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to search Pubmed (www.ncbi.nlm.nih.gov/pubmed) for articles published

through November 2011. All references within the identified studies were then

reviewed to possibly identify additional works.

Inclusion and exclusion criteria

The inclusion criteria for meta-analysis required that each trial be an
independent association study, that the article supplied enough information on
toxicity by genotype, that it studied short term toxic effects and that the
population was composed only of pediatric patients (< 18 y). An article was
excluded from meta-analysis if the study did not provide enough information
(incomplete summary data), was performed on adult patients, the diagnosis was

not mainly ALL or was a case study.

Data extraction

For each article included in the study, we gathered ethnicity of study
population, number of patients, age and diagnosis, MTX dose, MTHFR C677T
and A1298C genotype data and toxicity types.
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Statistical analysis

Statistical analysis was performed using R software using the Meta library (R
version 2.11.0. The R Foundation for Statistical Computing). We used a recessive
model, assuming a recessive effect of the minor allele of each MTHFR SNP,
which was consistent with previous results and allowed inclusion of the
maximum number of studies. For the C677T SNP, we compared individuals
having the TT homozygous genotype to all others (CC + CT), and for the A1298C
SNP we compared CC homozygous individuals to all others (AA + AC). The
overall pooled relative risk (RR) and corresponding 95% CI of toxicity to MTX
were estimated using Mantel-Haenszel’'s method with random effect model.
The random effects model assumes different underlying effects, considering
both within- and between-study variation, offering an advantage as it
accommodates diversity between studies and provides a more conservative

estimate of the assessed effect.

Heterogeneity of the studies was assessed using the Cochrane Q test with a P-
value below 0.05, below which heterogeneity was considered statistically
significant. The heterogeneity was also quantified using the I? statistic, which is
independent of the number of studies in the meta-analysis. This statistic
guantifies the effect of heterogeneity, providing a measure of the degree of
inconsistency in the study’s results. The I statistic has a value between 0 and
100% and describes the percentage of total variation across studies that is due
to between-studies heterogeneity rather than chance. A higher 1> value denotes
a greater degree of heterogeneity (customary interpretations of the 1? value are,
0-25% no heterogeneity, 25-50% moderate heterogeneity, 50-75% large

heterogeneity, 75— 100% extreme heterogeneity). Sensitivity analysis leaving
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out one study at the time was also performed when possible: outlying studies
were identified and excluded and the I> estimates for these different sets of

studies examined.

MICRORNAS PATHWAY

Haploview 4.2 was used to search for any deviation of Hardy-Weinberg
equilibrium in a population of 348 healthy controls. The association between
MTX plasma levels, and genetic polymorphisms was evaluated by the x2 or
Fisher’s exact test. The effect sizes of the associations were estimated by the
OR’s from univariate logistic regression. The most significant test among
dominant and recessive genetic models was used to determine the statistical
significance of each SNP (2ne et 2 20100 ' The ragylts were adjusted for multiple
comparisons by the False Discovery Rate (FDR) (ref). In all cases the significance

level was set at 5%. Analyses were performed by using R v2.11 software.
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SAMPLE PROCESSING PROTOCOLS

Lymphocyte and granulocyte isolation

Peripheral blood samples were collected (4 ml) by venous puncture using EDTA
as anticoagulant. Granulocyte and lymphocyte cells were separated using a

gradient Ficoll-Paque™ Plus (GE Healthcare) following manufacture protocols.

Material

- Fresh EDTA anti-coagulated blood

- Ficoll-Paque™ PLUS (GE Healthcare)

- Balanced salt solution 1 X (PBS) (see Table 8)
- Erythrocyte lysis solution (see Table 8)

- Centrifuge conical tubes 15 ml (Sarstedt)

- Micro tubes 1.5 ml (Sarstedt)

- Pasteur pipettes (3 ml) (Sarstedt)

- Microlitre centrifuge (HERAEUS' Biofuge’ pico)

Procedure
1. Add Ficoll-Paque PLUS (4 ml) to the centrifuge tube
2. Carefully layer the blood sample (4 ml) onto the Ficoll-Paque
PLUS. It is important not to mix the Ficoll-Paque PLUS and the
blood sample when layering the sample
3. Centrifuge at 1500 rpm for 20 min at 202C
4. Using a clean Pasteur pipette, transfer the lymphocyte layer

(located at the interface) to a clean 1.5 ml micro tube and the
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granulocyte layer (mixed with the Ficoll Paque PLUS) to another
one

5. Add 1 mlof PBS 1 X to the lymphocytes and suspend the cells by
gently drawing them in and out of a Pasteur pipette

6. Centrifuge at 2000 rpm for 15 min at 202C to wash the

lymphocytes and remove the platelets. Discard the supernatant

The different cell fractions were purified using erythrocyte lysis solutions
protocols (incubation on ice for 10 min with erythrocyte lysis solution and

posterior centrifugation for 7 min at 2000 rpm).
Lymphocyte pellets were frozen at -802C until DNA extraction. When RNA

extraction was required, lymphocyte pellets were lysed in 1 ml of TRI Reagent”

(Applied Biosystems) and frozen until further use.

Genomic DNA extraction

Genomic DNA was extracted from lymphocytes and granulocytes using a

standard phenol-chloroform protocol (Sambrook and Russel, 1956).

Material

- Lymphocyte/granulocyte samples

-PBS1X

- Cell lysis solution (see Table 8)

- Proteinase K, prepare 10 mg/ml solution (Sigma—AIdrich®)

- Phenol Ultrapure (USB®)
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- Chloroform (Sigma-AIdrich®)

- Isoamyl Alcohol (Sigma-Aldrich”’)

- Sodium acetate, prepare 2 M solution (Merck")

- Glycogen, prepare 20 mg/ml solution ( Roche Diagnostics GmbH")

- Absolute ethanol (Merck’)

- Ethanol 80%

- Micro tubes 1.5 ml (Sarstedt)

- Heated water bath (Selecta’, Precisdig)

- Microlitre centrifuge (HERAEUS' Biofuge” pico)

- Micropipettes (Labsystem Finnpipette")

Procedure

1. Suspend lymphocytes/granulocytes pellet in 250 pl PBS 1 X

2. Add 500 pl lysis solution and incubate overnight at 372C with
agitation

3. Add 200 upl of buffer-saturated phenol: chloroform:
isoamylalcohol (25:24:1) to the DNA solution

4. Mix well. Solutions can be vortexed for 10 sec

5. Centrifuge in a microfuge for 10 min at 13000 rpm

6. Carefully remove the aqueous layer to a new tube, being
careful to avoid the interface. (Steps 3-5 can be repeated until
an interface is no longer visible)

7. Precipitate DNA with sodium acetate 2 M (1/10 of volume
collected), 1 pl glycogen (20 mg/ml) and 2 volumes of cold
ethanol 100%

8. Mix gently and centrifuge for 20 min at 13000 rpm
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9. Discard the supernatant and wash the pellet with cold ethanol
80%
10. Centrifuge for 5 min at 13000 rpm and discard supernatant

11. Dry the pellet and resuspend it in 40 ul of distilled H,O

DNA gquantification and guality analysis

DNA concentration and quality were estimated with NanoDrop” ND-1000
Spectrophotometer. The ratio of absorbance at 260 and 280 nm was used to
assess the purity of DNA. A ratio of ~1.8 was generally accepted as “pure” for

DNA.

DNA samples (100 ng) were then analyzed for integrity and amplifiability using
the BIOMED-2 control gene multiplex polymerase chain reaction (PCR) protocol
% In this protocol, five pairs of control genes PCR primers were designed to

amplify products of exactly 100, 200, 300, 400 and 600 bp (Table 6).

Table 6. Target genes selected to assess the quality of DNA

Gene Symbol Exon GenBank Size

Human thromboxane synthase gene TBXAS1 exon 9 D34621 100bp
human recombination activating gene RAG1 exon 2 M29474 200bp
Human promyelocytic leukaemia zinc-finger gene PLZF exonl  AF060568 300bp
Human AF4 gene AF4 exon 11 783687 400bp
Human AF4 gene AF4 exon 3 783679 600bp
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The sequences of PCR primers are described in the Figure 18.

AF4 exon 3
»- - | §
600 bp
AFAXIU  (+157) rjGG,INGGA{_-‘lL:.\’uI ICCA]GCAGCSI RAAIACAGGCCGGG\AGC IA{:SI {(+756)  AF43L
AF4 exon 11
i1 - -] H
400 bp
5 3 3 5
AFAIX1U (+445) “CCBOAGCAAGCAACGAACT CCTCGGCGGTCTCCTTTCG (+844) AFAX1IL
PLZF exon 1
[ - -
300 bp
PLZFX1U (+189) STGCGATGTGCTCATCATGCTCSI :EGGACTCTGCTGTTACTGTGCS.I:I483] PLZFX1L
RAGT exon 2
i (3 - i
200 bp
a8 3 3 5
RAG1X2U {+511) TGTTGACTCGATCCACCCCA AAGTCGGTTTGAACGTCGAGT (+710) RAGHNXZL

TBXAS1 exon 9
i > [ §

—
100 bp

TBXASTIXEU (+3¢] "GCGGAGATICTGGAAGTCE TTGGGAAGGGCCGTTGTGE (+133) TBXASTIXEL

Annex |

Schematic diagram of five control exons and five primer sets for

obtaining PCR products of 600, 400, 300, 200, and 100 bp, respectively. The relative
position of the control gene primers is given according to their most 5" nucleotide
downstream of the 50 splice site of the involved control gene exon.

The reaction conditions were developed for a final volume of 25 pl, using 100 ng
of DNA (see PCR protocol below). The PCR products were size separated by
electrophoresis on 2% agarose gels containing 5 pl of ethidium bromide per
each 100 ml (see electrophoresis conditions below). The results were visualized
under ultraviolet light (254 nm) using the Bio-Rad Gel Doc™ 2000 gel
documentation system. Hyperladder V weight size marker was selected to

identify the approximate size of a molecule run on a gel electrophoresis (Figure
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PCR protocol

Reagents (stock)

Final concentration

DNA (100 ng/ul)

dNTPs (10 mM)

MgCl, (50 mM)

Buffer (10 X)

Primer F (10 uM) (AF4ex3)

Primer F (10 uM) (TBXAS1, RAG1, PLZF, AF4ex11)

Primer R (10 uM) (AF4ex3)
Primer R (10 uM) (TBXAS1, RAG1, PLZF, AFdex11)

Enzyme (Immolase 5 U/pl)

H,0bd

100 ng
0.2 mM
2mM
1x

5 pmol
2.5 pmol

5 pmol
2.5 pmol

05U

Cycling conditions

Time Temperature N2 of cycles
Preactivation 10 min 952C
Denaturation 30 sec 952C
Annealing 30 sec 60°C 30 cycles
Extension 30 sec 72°C
Final extension 10 min 72°C

Electrophoresis conditions

Gel: 2% agarose gel

Buffer: TBE 1 X

Loading buffer: 4 ul bromophenol blue
PCR product: 6 pl

Electrophoresis time: 40 min at 90 V



Annex |

600 bp
400 bp
300 bp
200 bp

9 100 bp

.

Figure 19. PCR with 5 pairs of primers: AFex 3, AFex 11, PLZF, RAG1 and-
TBAX1.

Whole genome amplification

When more amount of DNA was required, whole genome amplification
(WGA) was done by using the GenomiPhi-mediated amplification system. DNA
was briefly heat-denatured and then cooled in sample buffer containing random
hexamers that non-specifically bind to the DNA. A master-mix containing DNA
polymerase, additional random hexamers, nucleotides, salts and buffers was
added, and isothermal amplification proceeded at 30°C for 1.5 hours. After
amplification the enzyme was heat inactivated during 10 min incubation at
65°C.

Material

- DNA (10 ng)

- GenomiPhi HY DNA Amplification Kit (GE Healthcare)
- Micro tubes 0.2 ml (Deltalab)

- Thermocycler (Biometra T gradient)

- Microlitre centrifuge (HERAEUS' Biofuge” pico)

- lce
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Procedure
Mix 1 ul of template DNA (10 ng) with 9 ul of sample buffer
Heat to 952C for 3 min and cool to 42C on ice

Combine 9 pl of reaction buffer with 1 pl of enzyme mix on ice

1

2

3

4. Add it to the cooled sample

5. Incubate the sample at 302C for 90 min
6

Heat the sample to 652C for 10 min and cool to 4¢C

The list of reagents used and the protocols of preparation of buffers and

solutions are described in Tables 7 and 8 respectively.
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REAGENTS AND SOLUTIONS

Table 7. List of reagents used

Annex |

Reagent Technique Commercial firm Reference
Blood collection tubes with EDTA Blood collection BD Vacutainer 368860
Ficoll Paque™ PLUS Lymphocyte isolation GE Healthcare 17-1440-02
Nacl ;g\&hz)‘:r::csi) °n|ati°" Merck 106404

KClI Lymphocyte isolation Sigma P9541
Na,HPO, Lymphocyte isolation Panreac 131721
K;HPO, Lymphocyte isolation Panreac 132333
NH,CI Lymphocyte isolation Probus 20220
KHCO; Lymphocyte isolation Sigma P9144

Tris base EI':cAtf;‘;La;:::S / usB 75825
EDTA EDl':?t fg‘;:;:;g / Sigma E-5134

SDS DNA extraction Sigma L-4390

DTT (Ditiotreitol) DNA extraction USB 15397
Proteinase K DNA extraction Sigma P2308
Phenol Ultrapure DNA extraction USB 75829
Chloroform DNA extraction Sigma C2432
Isoamylalcohol DNA extraction Sigma 19392

NaAc DNA extraction Merck 6268
Glycogen DNA extraction Roche 901393
Absolute ethanol DNA extraction Merck 1.009.831.000

Primers

dNTPs

™
Immolase ™ DNA polymerase

Agarose D-1 Low EEO

Agarose 1000 ultrapura

Bromophenol blue loading buffer

Glycerol

Boric Acid

PCR
PCR
PCR
Electrophoresis
Electrophoresis
Electrophoresis
Electrophoresis

Electrophoresis

Bonsai Technologies
Bioline

Bioline

Pronadisa
Invitrogen

Sigma

Merck

Panreac

39028

21047

8016

10975-035

B-6896

1.040.921.000

131015
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Table 7. List of reagents used (Continuation).

Reagent Technique Commercial firm Reference
Hyperladder V Electrophoresis Bioline 33031
Ethidium bromide Electrophoresis BioRad 161-0433
Acrylamide Electrophoresis BioRad 161-144
TEMED Electrophoresis BioRad 161-0800
Ammonium persulfate Electrophoresis BioRad 161-0700
Loading Buffer 5X Electrophoresis BioRad 161-0767

Table 8. Preparation of buffers and solutions.

Solution

Preparation

PBS 10 X

Erythrocyte lysis
solution 20X

Cell lysis solution

SDS solution

Bromophenol
blue loading
buffer

80 g NaCl, 2 g KCI, 14.4 g Na,HPO,, 2.4 g KH,PO, in 800 ml of distilled H,0. Adjust pH
to 6.8 with HCI. Add H,0 to 1 liter. Sterilize by autoclaving. Prepare 1:10 dilution.

89.9 g NH,Cl, 10 g KHCO3, 370 mg EDTA, 9 g NH4Cl, 1 g KHCO; in 800 ml of distilled
H,0. Sterilize by autoclaving. Adjust pH to 7.3. Prepare 1:20 dilution.

Tris 10 mM, EDTA 10 mM, NaCl 0.1 M, SDS 2%, DTT 40 mM, Proteinase K 0.2 mg/ml.

10% w/v in distilled H,0.

2 ml EDTA 0’5 M pH=8; 5 ml glycerol 100% v/v; bromophenol blue. Make up volume
to 10 ml with distilled water.
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LIST OF SNP SELECTED

Table 9. Characteristics of the Single Nucleotide Polymorphisms included in the MTX
transport pathway study and selection criteria

Gene SNP ID Alleles Chr Location Position Function Reason for selection
ABCB1 rs10246878 G>A 7 87275641 intron 1 intronic TAG
ABCB1 rs13233308 T 7 87244960 intron 1 intronic TAG
ABCB1 rs2214102 G>A 7 87229501 intron 2 intronic TAG
ABCB1 rs3789243 T>C 7 87220886 intron 4 intronic TAG
ABCB1 rs12535512 T 7 87220334 intron 4 intronic CG
ABCB1 rs13229143 G>C 7 87219481 intron 4 intronic TAG
ABCB1 rs17327624 G>T 7 87216817 intron 4 intronic TAG
ABCB1 rs4148733 T>C 7 87213232 intron 5 intronic TAG
ABCB1 rs1202172 T>G 7 87210974 intron 5 intronic CG
ABCB1 rs13226726 T 7 87206615 intron 5 intronic TAG
ABCB1 rs1202179 A>G 7 87204279 intron 5 intronic CG
ABCB1 rs10264990 T>C 7 87202615 intron 5 intronic TAG
ABCB1 rs10260862 G>C 7 87201482 intron 5 intronic TAG
ABCB1 rs2520464 A>G 7 87201086 intron 5 intronic CG
ABCB1 rs4148734 T 7 87193597 intron 8 intronic CG
ABCB1 rs10244266  T>G 7 87188467 intron 9 intronic CG
ABCB1 rs1922240 T>C 7 87183354 intron 9 intronic CG
ABCB1 rs2235013 A>G 7 87178626 intron 15 intronic TAG
ABCB1 rs2235046 G>A 7 87174066 intron 17 intronic CG
ABCB1 rs6961419 T>C 7 87172136 intron 18 intronic CG
ABCB1 rs10268314 T>C 7 87169669 intron 19 intronic CG
ABCB1 rs10274587 G>A 7 87164483 intron 20 intronic CG
ABCB1 rs4148738 A>G 7 87163049 intron 20 intronic CG
ABCB1 rs4148743 G>A 7 87151090 intron 22 intronic CG
ABCB1 rs2235048 T 7 87138511 intron 27 intronic TAG
ABCB1 rs6979885 G>A 7 87137461 intron 27 intronic TAG
ABCB1 rs3842 A>G 7 87133366 3'UTR 3'UTR 3UTR, CG
ABCB1 rs1055302 G>A 7 87132916 downstream downstream DR, CG
ABCB1 rs6946119 T>C 7 87128865 downstream downstream TAG
ABCB1 rs7789645 G>C 7 87122603 downstream downstream CG
ABCC1 rs8050881 G>A 16 16037261 upstream upstream CG
ABCC1 rs4148330 A>G 16 16041768 upstream upstream UR, CG
ABCC1 rs504348 C>G 16 16043174 upstream upstream UR
ABCC1 rs215101 G>C 16 16052973 intron 1 intronic CG
ABCC1 rs215099 G>T 16 16054694 intron 1 intronic CG
ABCC1 rs12923345 T>C 16 16055082 intron 1 intronic TR, CG
ABCC1 rs215094 A>G 16 16060915 intron 1 intronic CG
ABCC1 rs215049 G>C 16 16070768 intron 1 intronic CG
ABCC1 rs6498594 A>C 16 16073437 intron 1 intronic TR, CG
ABCC1 rs152023 A>G 16 16085236 intron 1 intronic TR
ABCC1 rs152022 C>G 16 16086666 intron 1 intronic TR
ABCC1 rs246218 T 16 16087565 intron 1 intronic CG
ABCC1 rs17501331 A>G 16 16089441 intron 1 intronic TR
ABCC1 rs12934692 T>C 16 16100513 intron 1 intronic TR, CG
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Table 9. Characteristics of the Single Nucleotide Polymorphisms included in the MTX
transport pathway study and selection criteria (Continuation 1)

Gene SNP ID Alleles Chr Location Position Function Reason for selection
ABCC1 rs16967145 G>A 16 16106970 intron 3 intronic TAG
ABCC1 rs1967120 T>C 16 16108894 intron 4 intronic CG
ABCC1 rs3784862 A>G 16 16110891  intron5 intronic BIB'*
ABCC1 rs246240  A>G 16 16119024  intron5 intronic BIB™
ABCC1 rs875740 T>G 16 16123048 intron 5 intronic TAG
ABCC1 rs11642957 T>C 16 16124008 intron 5 intronic CG
ABCC1 rs3784864 A>G 16 16125325 intron 5 intronic TAG
ABCC1 rs193538 T>G 16 16127916 intron 6 intronic CG
ABCC1 rs11075293 G>A 16 16129996 intron 6 intronic TAG
ABCC1 rs903880 C>A 16 16130514 intron 7 intronic TAG
ABCC1 rs8054670 T>C 16 16132134 intron 7 intronic TAG
ABCC1 rs246230 C>T 16 16132880 intron 7 intronic CG
ABCC1 rs246221 T>C 16 16138322 exon 8 synonymous CG
ABCC1 rs35592 T>C 16 16141823 intron 9 intronic CG
ABCC1 rs3765129  C>T 16 16149901  intron 11 intronic BIB**
ABCC1 rs17287570 A>C 16 16155103 intron 12 intronic TAG
ABCC1 rs35597 G>A 16 16158034 intron 12 intronic CG
ABCC1 rs35600 C>G 16 16159628 intron 12 intronic TAG
ABCC1 rs35605 C>T 16 16162019  exon 13 synonymous SR, BIB™
ABCC1 rs35621 C>G 16 16168608 intron 14 intronic BIB'”, CG
ABCC1 rs35625 T>C 16 16169566 intron 14 intronic TR
ABCC1 rs4148350 G>T 16 16170477 intron 15 intronic TAG
ABCC1 rs4148355 A>G 16 16174667 intron 16 intronic CG
ABCC1 rs10852377 cT 16 16176824 intron 16 intronic CG
ABCC1 rs2074086 T>C 16 16181142 intron 18 intronic TAG
ABCC1 rs2889517 T 16 16181956 intron 18 intronic TAG
ABCC1 rs3888565 G>A 16 16183045 intron 18 intronic TAG
ABCC1 rs4148359 C>G 16 16187234 intron 19 intronic CG
ABCC1 rs2269800 A>G 16 16196839 intron 20 intronic CG
ABCC1 rs16967755 A>G 16 16199255 intron 20 intronic CG
ABCC1 rs11864374  G>A 16 16201885 intron 21 intronic CG
ABCC1 rs3784867 T 16 16203345 intron 21 intronic TAG
ABCC1 rs4780591 G>C 16 16204979 intron 21 intronic TAG
ABCC1 rs3887893 A>G 16 16205501 intron 22 intronic TAG
ABCC1 rs2299670 A>G 16 16220858 intron 26 intronic CG
ABCC1 rs212081 T 16 16225971 intron 27 intronic TAG
ABCC1 rs2230671  C>T 16 16228242  exon 28 synonymous SR, CG, BIB'®
ABCC1 rs212086 G>A 16 16229735 intron 28 intronic CG
ABCC1 rs3743527 T 16 16235681 3'UTR 3'UTR 3UTR
ABCC1 rs129081 G>C 16 16235939 3'UTR 3'UTR MIRTS
ABCC1 rs212090 T>A 16 16236004 3'UTR 3'UTR MIRTS, 3UTR, BIB'**
ABCC1 rs212093 A>G 16 16237754 downstream downstream BIB, CG
ABCC1 rs12448760 G>A 16 16239539 downstream downstream CG
ABCC2 rs1885301 A/G 10 101541053 Upstream Upstream UR, BIB™®
ABCC2 rs717620  G>A 10 101542578 5'UTR 5'UTR 5UTR, CG, BIB'*"****7°
ABCC2 rs2756105 T 10 101547042 intron 2 intronic CG
ABCC2 rs7906080 A>G 10 101547647 intron 2 Intronic CG
ABCC2 rs4148385 A>C 10 101548177 intron 2 intronic CG
ABCC2 rs4148386 G>A 10 101548468 intron 2 intronic CG
ABCC2 rs2145853 G>A 10 101548795 intron 2 Intronic CG
ABCC2 rs2756109 T>G 10 101558746 intron 7 intronic TAG
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Table 9. Characteristics of the Single Nucleotide Polymorphisms included in the MTX
transport pathway study and selection criteria (Continuation Il)

Gene SNP ID Alleles Chr Location Position Function Reason for selection
ABCC2 rs2273697 G>A 10 101563815 exon10  non-synonymous NS, SR, CG, BIB™*™®
ABCC2 rs2073337 A>G 10 101567426  intron 12 intronic CG
ABCC2 rs4148394 A>C 10 101572343 intron 15 intronic TAG
ABCC2 rs9794323 T>C 10 101587002 intron 19 intronic CG
ABCC2 rs4148396 CT 10 101591944  intron 23 intronic BIB'®
ABCC2 rs3740066 A>G 10 101604207 exon 28 synonymous BIBIGSJSS"”(?%B'ISG']W
ABCC2 rs3740065 T>C 10 101605693 intron 29 intronic BIB***™, cG
ABCC2 rs12826 A>G 10 101612320 downstream downstream CG
ABCC2 rs11190297 G>T 10 101618103 downstream downstream TAG
ABCC2  rs12762549 C>G 10 101620771 downstream  downstream BIB™
ABCC2 rs11190298 A>G 10 101620948 downstream downstream CG
ABCC3 rs7212045 G>C 17 48706024 upstream upstream TAG
ABCC3 rs2412332 C>G 17 48707522 upstream upstream CG
ABCC3 rs757421 G>A 17 48707768 upstream upstream TAG
ABCC3 rs2189595 A>G 17 48708949 upstream upstream TAG
ABCC3 rs8073706 G>A 17 48709941 upstream upstream UR
ABCC3 rs12604031 A>G 17 48712705 intron 1 intronic TR, CG
ABCC3 rs10153257 A>G 17 48713223 intron 1 intronic TR, CG
ABCC3 rs2412333 G>A 17 48715271 intron 1 intronic TR
ABCC3 rs739921 C>G 17 48719590 intron 1 intronic TR, CG
ABCC3 rs1541392 T>G 17 48719889 intron 1 intronic TR
ABCC3 rs12051822 G>A 17 48723585 intron 1 intronic TR
ABCC3 rs17562467 CT 17 48724830 intron 1 intronic TR, CG
ABCC3 rs4793666 C>G 17 48727253 intron 1 intronic TR
ABCC3 rs17562516 T>A 17 48729781 intron 1 intronic TR
ABCC3 rs4148411 G>C 17 48733745 intron 2 intronic TAG
ABCC3 rs4148412 T 17 48733815 intron 2 intronic TAG
ABCC3 rs739923 G>A 17 48735774 intron 5 intronic CG
ABCC3 rs733392 G>A 17 48736403 intron 6 intronic TAG
ABCC3 rs1978153 C>G 17 48737861 intron 7 intronic CG
ABCC3 rs4148413 C>G 17 48740798 intron 8 intronic TAG
ABCC3 rs879459 A>G 17 48746135 intron 14 intronic TAG
ABCC3 rs8075406 T>A 17 48749522 intron 17 intronic TAG
ABCC3 rs2072365 T 17 48752866 intron 20 intronic CG
ABCC3 rs3785912 G>A 17 48756937 intron 26 intronic CG
ABCC3 rs2277624 G>A 17 48761105 exon 27 synonymous SR, CG
ABCC3 rs1558288 G>A 17 48763715 intron 29 intronic CG
ABCC3 rs3785911 T>G 17 48767431 intron 30 intronic CG
ABCC3 rs1051640 A>G 17 48768486 exon 31 synonymous SR, MIRTS
ABCC3 rs17563146 CT 17 48769329 downstream downstream TAG
ABCC3 rs12602161 A>G 17 48769881 downstream downstream CG
ABCC3 rs4148418 A>G 17 48770517 downstream downstream TAG
ABCC3 rs8196 T>C 17 48770959 downstream downstream CG
ABCC4 rs9302061 T>C 13 95966704 upstream upstream TAG
ABCC4 rs2993590 T>C 13 95964923 upstream upstream CG
ABCC4 rs9524902 T>C 13 95963518 upstream upstream CG
ABCC4 rs2992907 T>C 13 95959901 upstream upstream CG
ABCC4 rs868853 A>G 13 95955076 upstream upstream BIB'
ABCC4 rs8001444 C>T 13 95952437 intron 1 intronic TAG
ABCC4 rs1539068 G>T 13 95950858 intron 1 intronic TAG
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Table 9. Characteristics of the Single Nucleotide Polymorphisms included in the MTX
transport pathway study and selection criteria (Continuation 1l1)

Gene SNP ID Alleles Chr Location Position Function Reason for selection
ABCC4 rs7981095 A>T 13 95945118 intron 1 intronic TAG
ABCC4 rs7330673 T>G 13 95942492 intron 1 intronic CG
ABCC4 rs4148421 G>A 13 95932240 intron 1 intronic TAG
ABCC4 rs4148422 T>C 13 95931992 intron 1 intronic TAG
ABCC4 rs7317112 A>G 13 95923523 intron 1 intronic CG
ABCC4 rs870004 G>A 13 95918063 intron 1 intronic CG
ABCC4 rs4148431 G>A 13 95913123 intron 1 intronic CG
ABCC4 rs7984157 A>G 13 95911900 intron 1 intronic CG
ABCC4 rs9516551 C>A 13 95910726 intron 1 intronic TAG
ABCC4 rs12100301  A>G 13 95909950 intron 1 intronic TAG
ABCC4 rs12584649 T>C 13 95907085 intron 1 intronic CG
ABCC4 rs4148436 T>C 13 95899607 intron 2 intronic CG
ABCC4 rs4148446 G>A 13 95897302 intron 3 intronic CG
ABCC4 rs4283094 G>C 13 95893787 intron 3 intronic CG
ABCC4 rs4148454 A>G 13 95889505 intron 3 intronic CG
ABCC4 rs4148455 G>A 13 95888277 intron 3 intronic CG
ABCC4 rs9524849 A>G 13 95882596 intron 3 intronic CG
ABCC4 rs17189481 C>T 13 95882322 intron 4 intronic CG
ABCC4 rs4773856 G>A 13 95880483 intron 4 intronic CG
ABCC4 rs4773850 T>G 13 95876543 intron 4 intronic TAG
ABCC4 rs9302049 T>C 13 95873985 intron 4 intronic CG
ABCC4 rs899494 G>A 13 95861804 exon 6 synonymous SR, CG
ABCC4 rs3818494 C>G 13 95858704 intron 8 intronic CG
ABCC4 rs17268170 C>T 13 95856286 intron 8 intronic CG
ABCC4 rs1678388 A>G 13 95853780 intron 8 intronic CG
ABCC4 rs9516530 C>T 13 95848667 intron 8 intronic CG
ABCC4 rs2274403 A>G 13 95847020 intron 8 intronic CG
ABCC4 rs1751015 T>C 13 95845662 intron 9 intronic CG
ABCC4 rs2487566 A>G 13 95845272 intron 9 intronic CG
ABCC4 rs7319330 C>T 13 95844735 intron 9 intronic CG
ABCC4 rs17268122 G>T 13 95844494 intron 9 intronic CG
ABCC4 rs9524821 G>A 13 95843434 intron 9 intronic CG
ABCC4 rs1678374 T>C 13 95843067 intron 9 intronic TAG
ABCC4 rs4773843 C>T 13 95839495 intron 10 intronic TAG
ABCC4 rs2766474 G>A 13 95838523 intron 11 intronic CG
ABCC4 rs3843689 A>G 13 95838241 intron 11 intronic TAG
ABCC4 rs1564352 G>T 13 95838046 intron 11 intronic TAG
ABCC4 rs7330933 G>A 13 95831078 intron 11 intronic CG
ABCC4 rs2009772 T>C 13 95829588 intron 13 intronic CG
ABCC4 rs4148494 G>C 13 95829519 intron 13 intronic CG
ABCC4 rs1729786 G>A 13 95823239 intron 13 intronic CG
ABCC4 rs11568663  G>A 13 95822761 intron 14 intronic CG
ABCC4 rs9561797 A>G 13 95820852 intron 14 intronic CG
ABCC4 rs1729767 T>C 13 95819942 intron 14 intronic CG
ABCC4 rs7993619 A>C 13 95812745 intron 19 intronic TAG
ABCC4 rs1678396 T>C 13 95808948 intron 19 intronic TAG
ABCC4 rs1729788 T>C 13 95808003 intron 19 intronic CG
ABCC4 rs10508023 G>C 13 95795463 intron 19 intronic CG
ABCC4 rs1564355 CT 13 95778166 intron 19 intronic TAG
ABCC4 rs1751064 G>A 13 95777748 intron 19 intronic CG
ABCC4 rs1628382 G>A 13 95764061 intron 20 intronic CG
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Table 9. Characteristics of the Single Nucleotide Polymorphisms included in the MTX
transport pathway study and selection criteria (Continuation 1V)

Gene SNP ID Alleles Chr Location Position Function Reason for selection
ABCC4 rs2766481 T>C 13 95761583 intron 20 intronic CG
ABCC4 rs1729775 G>A 13 95757943 intron 20 intronic CG
ABCC4 rs1751059 C>G 13 95756023 intron 20 intronic TAG
ABCC4 rs1751050 C>G 13 95731496 intron 22 intronic TAG
ABCC4 rs1618738 CT 13 95730800 intron 22 intronic TAG
ABCC4 rs2619312 T>C 13 95723039 intron 26 intronic CG
ABCC4 rs1678392 G>A 13 95722180 intron 26 intronic CG
ABCC4 rs1189457 C>G 13 95719494 intron 26 intronic TAG
ABCC4 rs9561778 G>T 13 95713715 intron 27 intronic BIB', CG
ABCC4 rs3782946 T>C 13 95711603 intron 27 intronic CG
ABCC4 rs1750190 G>A 13 95709072 intron 27 intronic TAG
ABCC4 rs1189445 A>G 13 95707142 intron 27 intronic CG
ABCC4 rs10219913 T>C 13 95700935 intron 28 intronic CG
ABCC4 rs10508024  G>A 13 95691692 intron 30 intronic TAG
ABCC4 rs2182262 T 13 95691512 intron 30 intronic CG
ABCC4 rs17189299 T>C 13 95685794 intron 31 intronic TAG
ABCC4 rs3742106 A>C 13 95673791 3'UTR 3'UTR MIRTS, 3UTR
ABCC4 rs9516521 T>C 13 95673122 3'UTR 3'UTR MIRTS, 3UTR
ABCC4 rs1059751 T>C 13 95672950 3'UTR 3'UTR 3UTR
ABCC4 rs9516519 T>G 13 95672457 3'UTR 3'UTR MIRTS, 3UTR
ABCC4 rs7321486 T>C 13 95664889 downstream downstream CG
ABCG2 rs10011796 T 4 89090877 upstream upstream TAG
ABCG2 rs3114019 T>C 4 89081441 upstream upstream UR, CG
ABCG2 rs2622604  C>T 4 89078924  intron 1 intronic BIB"** TR
ABCG2 rs2622624 A>G 4 89069406 intron 1 intronic TR, CG
ABCG2 rs2622625 G>A 4 89068737 intron 1 intronic TR, CG
ABCG2 rs17731799  G>T 4 89068455 intron 1 intronic TR, CG
ABCG2 rs2725248 >G 4 89068007 intron 1 intronic TR, CG
ABCG2 rs2622626 G>T 4 89066715 intron 1 intronic TR
ABCG2 rs6857600 T 4 89066075 intron 1 intronic TR, CG
ABCG2 rs3114018 C>A 4 89064581 intron 1 intronic TR
ABCG2 rs2725252 T>G 4 89061910 intron 1 intronic TR, CG
ABCG2 rs1564481 T 4 89061265 intron 1 intronic TR, CG
ABCG2 rs2869732 A>G 4 89059087 intron 2 intronic CG
ABCG2  rs17731538 G>A 4 89055379 intron 2 intronic BIB'®
ABCG2 rs2231142 C>A 4 89052323 exon 5 non-synonymous SR, BIB*1819>21
ABCG2 rs2725256 T>C 4 89050998 intron 5 intronic CG
ABCG2 Rs2725261 G>A 4 89036353 intron 7 intronic CG
ABCG2  rs13120400 T>C 4 89033527  intron9 intronic BIB'®
ABCG2 rs2622621  C>G 4 89030920  intron 9 intronic BIB*
ABCG2 rs12505410 T>G 4 89030841 intron 9 intronic TAG
ABCG2 rs2231148 AST 4 89028478 intron 9 intronic TAG
ABCG2 rs2728124 AST 4 89006160 downstream downstream TAG
SLCO1A2 rs10841803 G>A 12 21547875 5' 5'UTR TAG
SLCO1A2 rs11831407 T>A 12 21543811 intron 1 intronic TAG
SLCO1A2 rs10770805 T>A 12 21542342 intron 1 intronic TR
SLCO1A2 rs10770804 A>G 12 21540669 intron 1 intronic TR
SLCO1A2  rs7964783 A>G 12 21539337 intron 1 intronic TR, CG
SLCO1A2  rs2417977 T>C 12 21533168 intron 1 intronic TR
SLCO1A2 rs12319824 G>A 12 21526651 intron 2 intronic CG
SLCO1A2  rs7137767 A>C 12 21525606 intron 2 intronic TAG
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Table 9. Characteristics of the Single Nucleotide Polymorphisms included in the MTX
transport pathway study and selection criteria (Continuation V)

Gene SNP ID Alleles Chr Location Position Function Reason for selection
SLCO1A2  rs2045938 T 12 21520352 intron 2 intronic TAG
SLCO1A2  Rs2045939 T>C 12 21520243 intron 2 intronic CG
SLCO1A2 Rs2045940 A>G 12 21520098 intron 2 intronic CG
SLCO1A2 rs11045994 T>C 12 21507702 intron 2 intronic CG
SLCO1A2 rs10743413 T>C 12 21507074 intron 2 intronic TAG
SLCO1A2  rs4762699 C>T 12 21504068 intron 2 intronic TAG
SLCO1A2 rs11837182 T 12 21501956 intron 2 intronic TAG
SLCO1A2  rs7301895 T 12 21497892 intron 2 intronic TAG
SLCO1A2  rs7954757 A>G 12 21494668 intron 2 intronic CG
SLCO1A2 rs4762818 G>A 12 21493529 intron 2 intronic CG
SLCO1A2  rs2306231 T>C 12 21490381 intron 2 intronic CG
SLCOIA2 rs10841795 A>G 12 21487544 exon 3 non-synonymous NS, SR, BIB**
SLCO1A2 rs4148984 T<C 12 21486196 intron 3 intronic CG
SLCO1A2  rs4148988 A>G 12 21477990 intron 3 intronic CG
SLCO1A2 rs10505872 G>A 12 21472254 intron 3 intronic CG
SLCO1A2  rs7962263 T 12 21466117 intron 5 intronic CG
SLCO1A2 rs11045961 G>A 12 21460603 intron 5 intronic CG
SLCO1A2 rs11045953 G>A 12 21455051 intron 7 intronic CG
SLCOIA2 516923647 C>T 12 21451395  intron9 intronic BIB®
SLCO1A2  rs6487215 G>A 12 21444991 intron 13 intronic CG
SLCO1A2  rs4337089 T 12 21427952 intron 14 intronic CG
SLCO1A2 rs12300594  T>C 12 21426565 intron 15 intronic CG
SLCO1A2 rs16923597 A>G 12 21423495 intron 15 intronic CG
SLCO1A2 rs11045919 T>G 12 21422253 3'UTR 3'UTR MIRTS, CG
SLCO1A2  rs4149008 T 12 21421039 3'UTR 3'UTR MIRTS
SLCO1A2 rs11045918 C>A 12 21420712 3'UTR 3'UTR MIRTS
SLCO1A2  rs4149009 G>A 12 21420471 3'UTR 3'UTR MIRTS
SLCO1B1 rs17387842 T>C 12 21274317 upstream upstream CG
SLCO1B1 rs11045776 A>G 12 21278192  upstream upstream BIB®
SLCO1B1 rs17328763 T>C 12 21282570 upstream upstream TR, CG, BIB*®
SLCO1B1  rs2417955 AST 12 21296475 intron 2 intronic BIB®
SLCO1B1 rs11045787 T>G 12 21300002 intron 2 intronic CG, BIB*®
SLCO1B1 rs11513411 G>A 12 21303439 intron 2 intronic CG
SLCO1B1 rs11045799 T>C 12 21311025 intron 2 intronic CG
SLCO1B1 rs11045800 T>C 12 21311248 intron 2 intronic BIB®
SLCO1B1 rs16923519 A>G 12 21311718 intron 2 intronic TAG
SLCO1B1  rs7138177 A>G 12 21312924 intron 2 intronic TAG
SLCO1B1  rs4149026 A>C 12 21315415 intron 2 intronic TAG
SLCO1B1 rs10444413 T>C 12 21317668 intron 2 intronic CG
SLCO1B1  rs4149033 G>A 12 21317810 intron 2 intronic TAG
SLCO1B1  rs4149034 G>A 12 21317922 intron 2 intronic TAG
SLCO1B1  rs4149035 T 12 21318265 intron 2 intronic CG
SLCO1B1  rs7973095 T 12 21321270 intron 2 intronic CG, BIB*®
SLCO1B1 rs10841753 T>C 12 21321370  intron2 intronic CG, BIB*®
SLCO1B1 rs11045812 T 12 21321482 intron 2 intronic CG
SLCO1B1 rs11045813 G>A 12 21322056 intron 2 intronic CG
SLCO1B1  rs7136445 A>G 12 21324748 intron 2 intronic CG
SLCO1B1  rs2291073 T>G 12 21325814 intron 3 intronic TAG
SLCO1B1 rs964614 T>C 12 21329390 intron 4 intronic TAG
SLCO1B1 rs11045818 G>A 12 21329761 exon 5 synonymous SR, CG, BIB*
SLCO1B1 rs11045819 C>A 12 21329813 exon 5 non-synonymous NS, SR, PTDR, BIB**'”
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Table 9. Characteristics of the Single Nucleotide Polymorphisms included in the MTX
transport pathway study and selection criteria (Continuation VI)

Gene SNP ID Alleles Chr Location Position Function Reason for selection
SLCO1B1  rs4149050 T>C 12 21330988 intron 5 intronic CG
SLCO1B1  rs4149056  C>A 12 21331549 intron 4 intronic BIB*
SLCO1B1  rs2291075  C>T 12 21331625 exon 6 synonymous SR, CG, BIB*®
SLCO1B1  rs2291076 ~ C>T 12 21331987 intron 7 intronic CG, BIB®
SLCOIB1 rs11045821 G>A 12 21332423 intron 7 intronic cG
SLCO1B1 rs12812279 A>G 12 21333040 intron 7 intronic CG
SLCO1B1 rs4149058 A>G 12 21333214 intron 7 intronic CG
SLCO1B1 rs11045823 G>A 12 21333745 intron 7 intronic cG
SLCO1B1  rs991262 G>A 12 21334214 intron 7 intronic CG, BIB®®
SLCO1B1  rs2900476 ~ C>T 12 21336063 intron 7 intronic CG, BIB®
SLCO1B1 rs2100996  T>C 12 21338197 intron 7 intronic cG
SLCO1B1 rs11045834  C>T 12 21341096 intron 7 intronic cG
SLCO1B1  rs4149061 T>C 12 21350668 intron 8 intronic CG
SLCOIB1 rs1871395  T>C 12 21352315 intron 8 intronic CG
SLCO1B1 rs4363657 T>C 12 21368722  intron 11 intronic BIB*? (Link et al, 2008
SLCO1B1  rs4149076  T>C 12 21371144  intron 12 intronic BIB*®
SLCO1B1 rs11045872 A>G 12 21372344  intron 12 intronic BIB®®
SLCOIB1  rs4149081 G>A 12 21378021  intron 14 intronic BIB®***
SLCO1B1 rs7966613 A>G 12 21379632  intron 14 intronic CG, BIB®
SLCO1B1 rs11045878 A>G 12 21382222  intron 14 intronic CG, BIB®
SLCO1B1 rs11045879 T>C 12 21382619  intron 14 intronic BIB®***
SLCO1B1 rs11045885 A>G 12 21386018  intron 14 intronic cG
SLCOIB1 rs12830367 G>T 12 21388905 intron 14 intronic CG
SLCO1B1 rs12578392 T>C 12 21389970  intron 14 intronic TAG
SLCO1B1 rs12369881 G>A 12 21391352  intron 14 intronic cG
SLCO1B1 rs11045891 A>C 12 21392572 3'UTR 3'UTR CG
SLCO1B1 rs11045893 T>C 12 21392819 downstream downstream CG
SLCO1B3  rs1002441 G>T 12 20953580 upstream upstream TAG
SLCO1B3 rs10841648 A>C 12 20954557 upstream upstream CG
SLCO1B3 rs11045512 T>C 12 20957569 upstream upstream TAG
SLCO1B3  rs7962265 G>A 12 20964719 intron 1 intronic TR, CG
SLCO1B3 Rs1581194 C>A 12 20978417 intron 2 intronic CG
SLCO1B3 rs10841660 A<G 12 20984349 intron 2 intronic CG
SLCO1B3 rs10841661 CT 12 20984832 intron 2 intronic CG
SLCO1B3 rs4382961 G>A 12 20996314 intron 2 intronic cG
SLCO1B3 rs975657 A>G 12 20999345 intron 2 intronic CG
SLCO1B3 rs1304608 A>G 12 21000586 intron 2 intronic cG
SLCO1B3 rs4149117  G>T 12 21011480 exon 3 non-synonymous NS, SR, PTDR,BIB">**®
SLCO1B3  rs1966648 A>G 12 21013429 intron 3 intronic CG
SLCO1B3  rs4149121 G>C 12 21015046 intron 4 intronic CG
SLCO1B3 rs1017385 T>G 12 21015139 intron 4 intronic cG
SLCO1B3 rs7311358  A>G 12 21015760 exon 6 non-synonymous NS, SR, BIB'/>*'®
SLCO1B3 rs2417940 G>A 12 21017875 intron 6 intronic BIB**
SLCO1B3 rs11045573 CT 12 21023492 intron 6 Intron CG
SLCOIB3 rs4149132 C>T 12 21030202 intron 7 intronic cG
SLCOIB3 rs1549968  G>A 12 21037553  intron 11 intronic CG
SLCO1B3 rs11045585 A>G 12 21045694  intron 11 intronic BIB™"
SLCOIB3 rs2417886  G>A 12 21049997  intron 11 intronic CG
SLCOIB3 rs7973653  T>A 12 21051769  intron 12 intronic TAG
SLCO1B3  rs4762803 C>G 12 21055606 intron 13 intronic CG
SLCO1B3 rs10841697 G>T 12 21056210 intron 13 intronic TAG
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Table 9. Characteristics of the Single Nucleotide Polymorphisms included in the MTX
transport pathway study and selection criteria (Continuation VII)

Gene SNP ID Alleles Chr Location Position Function Reason for selection
SLCO1B3 rs12824715 G>A 12 21056715 intron 13 intronic CG
SLCO1B3 rs11045598 A>G 12 21071213 downstream downstream CG
SLCO1B3  rs2117032 T>C 12 21074122 downstream downstream TAG
SLC19A1 rs3788205 T 21 46964378 upstream upstream TAG
SLC19A1  rs1131596 T>C 21 46957916 5'UTR 5'UTR CG e
SLC19A1  rs1051266 G>A 21 46957794 exon 2 non-synonymous NS, SR, PL?R' BIB
SLC19A1  rs3788200 G>A 21 46956571 intron 2 intronic CG, BIB*?
SLC19A1 rs2838958  A>G 21 46948567  intron5 intronic BIB**
SLC19A1  rs2297291 G>A 21 46945340 intron 6 intronic CG
SLC19A1  rs3788190 G>A 21 46936958 intron 6 intronic CG
SLC19A1 rs3788189  G>T 21 46936583  intron 6 intronic BIB**
SLC19A1  rs1888530  C>T 21 46936423  intron 6 intronic BIB**
SLC19A1 rs1051298  C>T 21 46934826 3'UTR 3'UTR 3UTR, BIB™®
SLC19A1 rs7499 G>A 21 46932328 downstream downstream CG
SLC19A1 rs2236484 G>A 21 46931684 downstream downstream CG
SLCI9A1  rs2838951 C>G 21 46929720 downstream downstream CG
SLC19A1 rs1050351 G>A 21 46929467 downstream downstream CG
SLC19A1 rs7278425 T 21 46926551 downstream downstream CG
SLC19A1 rs2838950 T 21 46926297 downstream downstream CG
SLC19A1 rs3753019 C>T 21 46924785 downstream downstream TAG
SLC22A6  rs11231294 T>C 11 62755519 upstream upstream UR
SLC22A6  rs4149172 A>G 11 62750858 intron 3 intronic CG
SLC22A6  rs6591722 T>A 11 62749680 intron 3 intronic TAG
SLC22A6  rs3017670 G>A 11 62744899 intron 8 intronic CG
SLC22A6  rs10897310 T>C 11 62741176 downstream downstream TAG
SLC22A8 rs10897315 G>A 11 62789131 upstream upstream TAG
SLC22A8  rs4963228 C>T 11 62788206 upstream upstream CG
SLC22A8  rs3948869 G>C 11 62785998 upstream upstream TAG
SLC22A8 rs948980 C>G 11 62783889 upstream upstream CG
SLC22A8  rs3809069 T>C 11 62783772 upstream upstream UR
SLC22A8  rs4963326 G>A 11 62780577 intron 2 intronic TAG
SLC22A8  rs2187383 C>A 11 62775898 intron 2 intronic TAG
SLC22A8  rs4149182 G>C 11 62768113 intron 3 intronic CG
SLC22A8  rs2276299 AST 11 62766431 exon 5 synonymous SR
SLC22A8 1510792367 G>C 11 62758799 downstream downstream TAG

3UTR: 3'UTR regulation; SUTR: 5’UTR regulation; BIB: Bibliographic; CG: CpG site; DR: Downstream regulation;
MIRTS: miRNA target site; NS: Non-synonimous; PTDR: Post-traductional regulation; SR: Splicing regulation;
TAG: tagSNP; TCR: Transcriptional regulation; UR: Upstream regulation
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Table 10. Characteristics of the Single Nucleotide Polymorphisms in microRNA
processing genes and selection criteria

Gene SNP ID Alleles Chr Location Function Reason for selection
GEMIN3 rs197412 T>C 1 112308953 non-synonimous NS, BIB=***
GEMIN3 rs197414 C>A 1 112309123 non-synonimous NS, BIB?**%¢2%
GEMIN3 rs197388 T>A 1 112297482 upstream UR, BIBZ*?¢%%°
GEMIN3 rs563002 T>C 1 112317135 downstream BIB**®
CNOT2 rs10506586 C>A 12 70715490 non-synonimous NS, SR
TNRC6A rs6497759 G>A 16 24801737 non-synonimous NS
CNOT1 rs11644694 G>A 16 58557342 non-synonimous NS, SR
CNOT1 rs37060 csT 16 58566304 intronic SR
CNOT1 rs11866002 C>T 16 58587737 synonimous SR
GEMIN4 rs1062923 T>C 17 649067 non-synonimous NS, BIBZ2%
GEMIN4 rs2740348 G>C 17 649935 non-synonimous NS, BIB?**%¢2%
GEMIN4 rs34610323 C>T 17 648546 non-synonimous NS
GEMIN4 rs3744741 c>T 17 649232 non-synonimous NS, BIg3423624
GEMIN4 rs7813 c>T 17 648186 non-synonimous NS, BIB?+2%
GEMIN4 rs910924 cT 17 655920 5'UTR 5UTR, BIBZ*#2%
CNOT3 rs42318 G>A 19 54657069 non-synonimous NS
TNRC6B rs2413621 T>C 22 40673999 intronic SR
TNRC6B rs9611280 G>A 22 40552119 non-synonimous NS, SR
TNRC6B rs4821943 A>G 22 40722745 3'UTR MIRTS
TNRC6B rs470113 A>G 22 40729614 3'UTR MIRTS
TNRC6B rs139919 T>C 22 40726183 3'UTR MIRTS
DGCR8 rs35987994 T>C 22 20074006 non-synonimous NS
DGCR8 rs417309 G>A 22 20098544 3'UTR 3UTR B|g¥*#6%37,239.240
DGCR8 rs3757 G>A 22 20099331 3'UTR MIRTS, BIB>*2%
DGCR8 rs1640299 T>G 22 20098359 3'UTR BIBZ*236:240
DGCR8 rs9606248 A>G 22 20087539 intronic BIB*®
GEMINS5 rs1974777 A>G 5 154291409 non-synonimous NS
GEMINS5 rs6865950 G>A 5 154275786 non-synonimous NS
GEMINS5 rs816736 T>C 5 154271948 synonimous SR
CNOT6 rs6877400 T>C 5 179996111 synonimous SR
CNOT6 rs11738060 T>A 5 180004154 3'UTR MIRTS
DROSHA rs55656741 G>A 5 31515657 non-synonimous NS, SR
DROSHA rs10719 T 5 31401447 synonimous SR, BIB*4?37239240
DROSHA rs6877842 G>C 5 31532638 intronic BIBZ**°
DROSHA rs2287584 T>C 5 31423007 synonimous SR, BIB™®
DROSHA rs4867329 A>C 5 31435627 intronic BIB*®
DROSHA rs7719666 cT 5 31520778 intronic BIBZ***
DROSHA  rs10035440 T>C 5 31539463 intronic BIB*®
DROSHA  rs17408716 ASG 5 31467952 intronic BIB*®
DROSHA rs3792830 T>C 5 31416248 intronic BIBZ>*H
DROSHA rs493760 T>C 5 31437040 intronic BIB*?
DROSHA rs7735863 G>A 5 31486540 intronic BIBX**
DROSHA rs6884823 G>A 5 31491121 intronic BIB*
DROSHA rs639174 csT 5 31433647 intronic BIB**
DROSHA rs3805500 T>C 5 31462977 intronic BIB*
SMADS5 rs3764941 A>C 5 135469527 non-synonimous NS, SR
SMAD5 rs3764942 G>A 5 135469500 intronic SR
XPO5 rs1106841 A>C 6 43496662 synonimous SR
XPO5 rs34324334 T 6 43535018 non-synonimous NS, SR
XPO5 rs2257082 csT 6 43492578 synonimous SR, BIB*"
XPO5 rs2227301 G>A 6 43485283 downstream BIB**"
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Table 10. Characteristics of the Single Nucleotide Polymorphisms in microRNA
processing genes and selection criteria (Continuation).

Gene SNP ID Alleles Chr Location Function Reason for selection
XPO5 rs7755135 T 6 43490809 3'UTR MIRTS
CNOT4 rs1003226 T>C 7 135046552 3’UTR SR

CNOT4 rs3812265 T 7 135048804 non-synonimous NS, SR
CNOT4 rs3763425 C>T 7 135195320 upstream UR

SND1 rs17151639 A>G 7 127637816 non-synonimous NS

SND1 rs322825 T 7 127721507 synonimous SR

SND1 rs3823994 T>A 7 127669857 intronic SR

SND1 rs17676986 T 7 127636958 intronic TR

RAN rs14035 c>T 12 131361241 3'UTR MIRTS, BIB>**?3¢2%
RAN rs11061209 G>A 12 131364988 downstream BIB**

DICER rs3742330 ASG 14 95553362 3'UTR BIB23*236:237,239,240
DICER rs13078 T>A 14 95556747 3’UTR 3UTR, BIB»#%2%
DICER rs1209904 c>T 14 95563712 intronic BIB**

DICER rs1057035 T>C 14 95554142 3'UTR MIRTS

TRBP rs784567 c>T 12 53894465 upstream BIB¥*?%¢ 2%
EIF2C1 rs636832 G>A 1 36363475 intronic pIB23+236:237:239.240
EIF2C1 rs595961 A>G 1 36367780 intronic pI3*236,238-240
EIF2¢C2 rs4961280 C>A 1 141647414 upstream UR, BIBZ****%
EIF2C2 rs2293939 G>A 1 141551407 synonimous SR

EIF2C2 rs2292778 T 1 141568622 synonimous SR

HIwI rs1106042 G>A 12 130841638 non-synonimous NS, SR, B|B***2¥7/23%2%0

3UTR: 3’UTR regulation; 5UTR: 5’UTR regulation; BIB: Bibliographic; MIRTS: miRNA target site; NS: Non-

synonimous; SR: Splicing regulation; UR: Upstream regulation.
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Table 11. Characteristics of the Single Nucleotide Polymorphisms

in microRNAs

Gene SNP ID Alleles Chr Location
mir-577 rs34115976 C>G 4 115577997
mir-618 rs2682818 C>A 12 81329536
mir-106b rs72631827 G>T 7 99691652
mir-1255b-1 rs6841938 G>A 4 36428048
mir-1274a rs318039 C>T 5 41475766
mir-1307 rs7911488 A>G 10 105154089
mir-154 rs41286570 G>A 14 101526127
mir-16-1 rs72631826 T>C 13 50623143
mirl96a2 rs11614913 C>T 12 54385599
mir-220a rs72631817 T>C X 122696014
mir-222 rs72631825 G>A X 45606471
mir-449b rs10061133 A>G 5 54466544
mir-499 rs3746444 T>C 20 33578251
mir-548a-1 rs12197631 T>G 6 18572056
mir-548h-3 rs9913045 G>A 12 13446924
mir-548h-4 rs73235381 A>G 8 26906402
mir-585 rs62376934 G>A 5 168690612
mir-624 rs11156654 T>A 14 31483955
mir-1178 rs7311975 T>C 12 120151493
mir-1206 rs2114358 T>C 8 129021179
mir-1265 rs11259096 T>C 10 14478618
mir-1269 rs73239138 G>A 4 67142620
mir-1282 rs11269 G>T 15 44085909
mir-1294 rs13186787 A>G 5 153726769
mir-1302-4 rs10173558 T>C 2 208133995
mir-149 rs2292832 T 2 241395503
mir-1908 rs174561 T>C 11 61582708
mir-2053 rs10505168 A>G 8 113655752
mir-2110 rs17091403 C>T 10 115933905
mir-216a rs41291179 A>T 2 56216090
mir-300 rs12894467 C>T 14 101507727
mir-423 rs6505162 A>C 17 28444183
mir-453 rs56103835 T>C 14 101522556
mir-492 rs2289030 C>G 12 95228286
mir-595 rs4909237 C>T 7 158325503
mir-603 rs11014002 C>T 10 24564653
mir-604 rs2368392 C>T 10 29834003
mir-604 rs2368393 T>C 10 29833998
mir-605 rs2043556 A>G 10 53059406
mir-608 rs4919510 C>G 10 102734778
mir-612 rs12803915 G>A 11 65211979
mir-612 rs550894 G>T 11 65211940
mir-656 rs58834075 C>T 14 101533093
mir-943 rs1077020 T>C 4 1988193
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Results

GENETIC ALTERATIONS IN THE TUMORAL CELLS AND
THEIR IMPLICATION IN PROGNOSIS AND THERAPY

COPY NUMBER ALTERATIONS AS RISK STRATIFICATION AND
PROGNOSIS MARKERS IN PEDIATRIC ACUTE LYMPHOBLASTIC

With the aim of improving the stratification of ALL patients, we first sought to
detect duplications and deletions characteristic of the tumor. Once identified,
we wanted to determine if some of them allow improving the separation into

risk groups.

Patients’ baseline characteristics

In order to identify deletions and duplications that are characteristic of the

tumor, tumoral and normal sample is required from each individual.

The patients included in this study were 23 children all diagnosed with B-ALL at
the Hospital Cruces. All patients were homogeneously treated with the LAL-

SHOP 2005 protocol.

These were the patients for which tumoral and remission material was
available, including patients that were assigned to a risk group and remained in
that group until the end of treatment (standard 1-1, high 2-2, very high 3-3) and
those who, according to a bad early response to treatment, had to be changed

to a higher risk group (standard-high 1-2, high-very high 2-3) (Table 12).
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Results

Table 12. Characteristics of the population.

No. of patients, n 23
Mean age at diagnosis * SD, years 4.8+2.64
Sex, n (%)
Female 10 (43.5)
Male 13 (56.5)

Risk group, n (%)

Standard (1-1) 7 (30.5)
Standard-High (1-2) 3(13.0)
High (2-2) 10 (43.5)
High-Very high (2-3) 2(8.7)
Very high (3-3) 1(4.3)

SD Standard Deviation.

Genetic characterization of pediatric Acute Lymphoblastic Leukemia

First of all, we wanted to select copy number pathological changes of the own
B-ALL. We analyzed 23 B-ALL patients by Affymetrix Cytogenetics Whole-
Genome 2.7M Array. The paired diagnosis and remission samples were available
for performing the matched genomic analysis of tumor and normal cells of the
same patient. This way, we could differentiate between tumoral aberrations
and polymorphisms. All the copy number variations detected in both the
diagnosis (tumoral) and remission (normal) samples were considered
polymorphisms of the general population and were not further analyzed in this

study.
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Results

We detected multiple copy number alterations ranging from whole
chromosome gains and losses to focal lesions, which in some cases

encompassed only a single gene.

In total, 223 aberrations were detected only in the tumor and not in the normal
sample, with an average of 9.7 genomic abnormalities per case (Figure 20). A
full list of chromosomal aberrations found per patient is included in Table 28

(Annex Il). Losses were more numerous than gains (131 losses vs 92 gains).
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Figure 20. Representation of all the aberrations found in our cohort of 23 B-ALL
patients. Green bars represent duplications and red bars represent deletions.
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Gain of whole chromosomes was observed in 9 cases: chromosome 4 was
gained in 6 cases, 5in1,6in6,8in4,9in1,10in7,11in2,14in7,17in 6, 18
in6,21in 8, Xin7andY in 1. Loss of whole chromosomes was less common and
was observed in 2 cases. In one of these cases, only chromosome 13 was lost. In

the other case, chromosomes 13, 15, 16, 19, 20, 7, 8, 9 and 4 were lost.

The remaining 151 aberrations included only parts of chromosomes, ranging
from 41kbp to 163Mbp. Most of them had a size under 5Mb and were
presumably cytogenetically cryptic. The most frequents were the loss of the
ETV6 gene at 12p13.2, present in 9 patients (39.1%) and loss at the IGL locus at
22911.22, in 7 patients (30.4%), loss at the CDKN2A/B locus in 4 patients
(17.4%) and loss at the TRB locus, in 4 patients (17.4%).

In 1 patient, we did not find any tumor-related aberration. Blasts count in this
case was greater than 80%, thus excluding the eventual contamination by

normal bone marrow cells.

In order to search for patterns, we centered on recurrent abnormalities.

Recurrent abnormalities were defined when found in at least two patients.

Table 13 summarizes the recurrent chromosomal aberrations.
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Table 13. Recurrent abnormalities.

Results

Type Chr Min Max Start End Genes n
Loss 1 234715202 235072805 q42.3 q42.3 IRF2BP2, NCRNA00184, LOC100506810, PP2672, RNY4P16 3
. S100A11, LOC100131107, TCHHL1, TCHH, HDHD1P2, RPTN,
Gain 1 151996653 152192164 q21.3 q21.3 L0C100652924, HRNR 3
Gain 1 175487744 175607795 q25.1 q25.1 TNR 3
Loss 3 112063466 112203411 ql3.2 ql3.2 CD200, LOC100506591, BTLA 3
Loss 3 176925938 177351455 q26.32 q26.32 ASS1P7, LOC100505566 2
Loss 3 60103639 60372552 pl4.2 pl4.2 FHIT 3
Loss 4 149773707 149848318 q31.23 q31.23 No genes 2
Loss 4 152862748 153021068 q31.3 q31.3 LOC100505685 2
Loss/Gain 5 158240867 158320101 q33.3 q33.3 EBF1 3
TRGC2, TRG®@, TRGJ2, TRGJP2, TARP, TRGC1, TRGJ1, TRGJP,
Loss 7 38273812 38395492 pld.l pld.l TRGJP1, TRGV11, TRGVB, TRGV10, TRGVY, TRGVA, TRGVS, 2
TRGV7, TRGV6, LOC100506776, TRGV5P, TRGVS, TRGV4
TRB@, TRBV19, TRBV20-1, TRBV21-1, TRBV22-1, TRBV23-1,
Loss 7 142308091 142445333 q34 q34 TRBV24-1, MTRNR2L6, TRBV25-1, TRBVA, TRBV26, TRBVB, 4
TRBV27, TRBV28
Loss 8 60037057 60242344 ql2.1 ql2.1 No genes 2
Loss 8 172851 26058609 p23.3 p21.2 322 genes 2
IFNA1, MIR31HG, IFNWP19, IFNE, MIR31, LOC402359,
Loss 9 21428463 22483924 p21.3 p21.3 MTAP, LOC100418937, LOC100533725, C9orf53, CDKN2A, 4
CDKN2B-AS, CDKN2B, UBA52P6, DMRTA1
Loss 10 111758741 111840369 q25.1 q25.2 LOC100505933, ADD3 2
Loss 12 11826813 12056722 pl3.2 pl13.2 ETV6 9
Loss 12 46.181.372 46235991 ql2 ql2 ARID2 3
Loss 12 92267405 92531075 q21.33 gq21.33 No genes 3
Loss 12 99881976 100343680 q23.1 q23.1 ANKS1B, FAM71C 2
Loss 14 73222960 73355261 q24.2 q24.2 DPF3 2
Loss 14 22737500 23002382 qll.2 qll.2 PIP4K2A, TRNAP22P 3
CDC27, LOC100506228, RPS2P47, MYL4, ITGB3,
Loss 17 45181435 45419478 q21.32 gq21.32 LOC100506252, C170rf57 2
Loss 22 22454109 22518006 ql1.22 ql1.22 IGL@, LOC91219, IGLV4-60 7
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Some of those recurrent aberrations were present in patients from different risk
groups and might be associated with the leukemic process. These aberrations
included the loss at 1g42.3 that included the IRF2BP2 gene among others; the
loss at 3q13.2, which includes CD200 and BTLA genes; loss at 3g26.32; loss at
3p14.2, affecting FHIT gene; loss at 7934, including T cell receptor cluster; loss at
8012.1; loss at 8p; loss at 9p21.3, including CDKN2A and CDKN2B.; loss of the
ETV6 gene at 12p13.2; loss at 14qgl1l.2, including PIP4K2A gene; loss at
17q21.32, including CDC27 gene among others; and loss at 22q11.22, that
includes the immunoglobulin lambda locus. The losses at 4931.23, 4931.3 and
12921.33 in regions that included no gene were only found in patients with the

TEL-AML1 translocation, independent of their risk group.

Improvement of genetic characterization of risk groups

In order to identify potential new markers to differentiate among prognostic risk
groups, we analyzed the alterations found in each risk group (Figure 21). Some
of the recurrent alterations were exclusive of a risk group and could be

associated with prognosis and be of help for a better risk group classification.

100



Results

IE|||| _
:' -

L 3|ﬁ q.-.n' 51 ‘| e
R K kK
(R [
1 ==

gl

Figure 21. Representation of the aberrations found in each risk group. Bars located on
the right of each chromosome represent duplications and bars on the left represent
deletions. Blue bars represent aberrations found in 1-1 risk group; yellow bars stand for
1-2 risk group; red bars stand for 2-2 risk group; green is for 2-3 risk group; and brown is
for 3-3 risk group.
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All the alterations found in standard risk patients (risk 1-1) can be seen in Figure
22. Most of the aberrations were found in single cases or were common to
different risk groups. From all the aberrations found, we detected 2 recurrent
aberrations that were present only in patients assigned to the standard risk
group. These aberrations were the loss at 7p14.1, which includes the TRG locus,

and the loss at 14g24.2, that affects the DPF3 gene.

HERY

HEER

- ONECAD -

S ([OmTeR
= (CIWIER
& (NI

Uk
¥

x>
Inm

= (IIECYIND

Z
3
K
53

Figure 22. Alterations found in standard risk
group patients (risk 1-1). Green bars represent

duplications and red bars represent deletions.

All the alterations found in high risk patients (risk 2-2) can be seen in Figure 23.
Of those, loss at 12g23.1, affecting ANKS1B and FAM71C genes was a recurrent
aberration that was only observed in this group of patients and could be

associated with a more aggressive disease. Another remarkable phenomenon in
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this risk group is the greater incidence of alterations in chromosomes 1 and 12
than in other risk groups. In addition, we only found alterations of the Y

chromosome in this group.
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Figure 23. Alterations found in high risk group
patients (risk 2-2). Green bars represent
duplications and red bars represent deletions.

The alterations found in the very high risk group (risk 3-3) are represented in
Figure 24. We could only screen a patient that belonged to this group. This
patient presented 6 aberrations in chromosomes 9, 13 and 20 that were not

recurrent.
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Figure 24. Alterations found in very high risk
group patients (risk 3-3). Green bars
represent duplications and red bars
represent deletions.

Genetic variation that could allow better discrimination of risk groups

In order to search for new markers that could allow better risk group definition,
It was of special interest for us to screen the patients that were first assigned to
a risk group and lately had to be moved to a higher risk group due to a bad early

response to treatment.
We detected genetic markers that could allow the differentiation between

standard risk patients that stay in this group (risk 1-1) and those that must be

moved to high risk (risk 1-2). These aberrations included the gain at 1g21.3,
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including SI00A11 gene among others; the gain at 1g25.1 that includes only the
TNR gene; the loss or gain at 5q33.3 affecting EBF1 gene; loss at 10925.1-925.2,
including ADD3 gene; and loss at 12q12, which contains ARID2 gene. These
recurrent aberrations were common to patients that were assigned to the high
risk group (risk 2-2) from the beginning. These aberrations could be new
cytogenetic markers that could be used to better assign the patients to their

corresponding risk group.

When we searched for markers to differentiate the high-risk patients who
remain at this risk (2-2) from patients switching to very high risk (2-3), we did
not find any exclusive recurrent alterations. Risk 2-3 patients only presented

recurrent aberrations that were common to different risk groups.
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GENETIC VARIANTS IN THE GERMINAL LINE AND
THEIR IMPLICATION IN TREATMENT TOXICITY

CANDIDATE GENES APPROACH

Considering that in the well-established LAL/SHOP protocol, 6-mercaptopurine
and methotrexate are the backbone of therapy, we have selected 13 genes
within three different pathways: 6-mercaptopurine and methotrexate
metabolism and drug-detoxifying enzymes. In those genes, we have selected 18
polymorphisms already studied in association with MTX response by other
authors with controversial results and/or with a demonstrated functional effect.
We have analyzed their association with response and toxicity during therapy

with the LAL/SHOP protocol in a Spanish pediatric B-ALL population.

Characteristics of the study population

For the study of candidate genes and polymorphisms, we have analyzed 115 B-

ALL patients, whose characteristics are reported in Table 14.

Clinical data about therapy-related toxicity were available for 102 patients.
Among all patients who developed toxicity (n=52, 51%), the prevalence of
different types of toxicity were as follows: hepatic (n=30, 29.4%), vomits (n=22,
21.6%), mucositis (n=11, 10.8%), renal (n=9, 8.8%), diarrhea (n=7, 6.9%), and

hyperbilirubinemia (n=5, 4.9%). Clinical data about MTX plasma concentration
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were available for 111 patients 72 h after infusion and for 108 patients after 96

h. High MTX plasma levels (>2 uM) were reported in 35 patients (31.5%) 72 h

after MTX infusion and 25 (23.1%) continued with high MTX levels after 96 h.

Table 14. Characteristics of the population.

No. of patients, n
Mean age at diagnosis * SD, years
Sex, n (%)
Female
Male
Risk group, n (%)
Standard
High
Very high
Treatment protocol, n (%)
LAL-SHOP 99
LAL-SHOP 2005
MTX dose in consolidation, n (%)
3g/m2
5g/m’
Toxicity during consolidation therapy, n (%)
Global toxicity
Hepatic
Vomits
Diarrhea
Mucositis
Hyperbilirrubinemia
Renal
MTX concentration in plasma, n (%)
Higher than 0.2uM at 72h
Higher than 0.2uM at 96h

115

5.49+3.49

53 (46.1)
62 (53.9)

44 (38.3)
52 (45.2)
19 (16.5)

45 (39.1)
70 (60.9)

51 (44.3)
64 (55.7)

52 (51.0)
30 (29.4)
22 (21.6)
7(6.9)
11 (10.8)
5(4.9)
9(8.8)

35 (31.5)
25 (23.1)

SD: Standard Deviation

Genotyping results

The 18 polymorphisms were genotyped with an average rate of success of

98.80%. All the genotypes analyzed were in Hardy-Weinberg equilibrium.
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Toxicity analysis

Drugs detoxifying enzymes

We did not find any significant association between the 5 polymorphisms
analyzed in drugs detoxifying enzymes and any of the toxicity parameters

studied in both the induction and consolidation phases (data not shown).

6-mercaptopurine pathway

We did not find any patient with the TPMT-deficient homozygous genotype.
Only 6 individuals (5.36%) were heterozygous and 106 (94.64%) were TPMT*1

homozygous, with two normal alleles.

We did not find any significant association between TPMT polymorphisms and
any of the toxicity parameters studied in the consolidation phase (data not

shown).

Methotrexate pathway

In order to analyze MTX toxicity, we selected methotrexate clearance as an
objective and quantifiable toxicity marker. In order to confirm the suitability of

MTX plasma levels as a toxicity marker, we analyzed the association between
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different toxicity parameters and plasma concentration of MTX 72 h (Table 15)
and 96 h after MTX treatment. For analyses, toxicity grades were used to
dichotomize toxicities as “present” versus “absent,” with grade 2 to 4

considered as present as defined in Table 15.

When we analyzed the toxicity in patients with high MTX plasma levels versus
toxicity of those with low MTX plasma levels, there was a significantly higher
frequency of patients with global toxicity in the group of individuals with high
MTX concentration (72 h, p=0.004). The frequency of renal toxicity, by itself,
was significantly increased in patients with a high MTX concentration at 72 h
(p=0.005). Similar results were obtained at 96h. The frequency of vomiting in
the total population was also significantly higher in the group of patients with a

high MTX concentration, but only at 72 h after infusion (p=0.020).

Our results show that MTX plasma concentration is a good toxicity marker in our
population. Indeed it has a strong association with the parameter “global
toxicity”, here we considered grouped any kind of toxicity. With these results,
we decided to use it as marker of toxicity in the following analyses, as it is an

objectively quantifiable variable.
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Table 15. MTX clearance and toxicity.

MTX concentration in plasma at 72 hr

Toxicity Status <0.2 mM, n (%) >0.2 mM, n (%) OR (95% Cl) P value AUC Roc (95% Cl)
Global toxicity No toxicity 41 (60.3) 10 (29.4)

Toxicity 27 (39.7) 24 (70.6) 3.64 (1.51-8.82) 0.004* 0.65 (0.56-0.75)
Hepatic Grade 0-1 51 (75.0) 21 (61.8)

Grades 24 17 (25.0) 13(38.2) 1.86 (0.77-4.49) 0.169 0.57 (0.47-0.66)
Vomits Grade 0-1 58 (85.3) 22 (64.7)

Grades 2-4 10 (14.7) 12 (35.3) 3.16 (1.20-8.36) 0.020* 0.60 (0.51-0.70)
Diarrhea Grade 0-1 65 (95.6) 30(88.2)

Grades 24 3(4.4) 4(11.8) 2.89 (0.61-13.72) 0.182 0.54 (0.48-0.60)
Mucositis Grade 0-1 60 (88.2) 31(91.2)

Grades 2—4 8(11.8) 3(8.8) 0.73 (0.18-2.93) 0.653 0.49 (0.42—0.55)
Hyperbilirubinemia No toxicity 66 (97.1) 31(91.2)

Toxicity 2(2.9) 3(8.8) 3.19 (0.51-20.10) 0.216 0.53 (0.48-0.58)
Renal No toxicity 67 (98.5) 26 (76.5)

Toxicity 1(1.5) 8(23.5) 20.62 (2.46-173.06) 0.005* 0.61 (0.54-0.68)

*p<0.05; Grade 0-1 is considered as no toxicity and grade 2-4 is considered as toxicity.
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We investigated if 10 genetic polymorphisms in MTX pathway genes may
influence the clearance of MTX. For each polymorphism, we considered two
genotypic groups, one of risk of higher toxicity and other of normal expected
toxicity, according to the function and previous reports, as described in the

introduction (Table 16).

In the gene MTHFR, individuals with the genotype 1298CC had lower frequency
of toxicity than expected, without reaching the significance level. When we
analyzed the correlation of polymorphisms in SHMT1, TS, ABCB1, ABCG2 and
RFC1 genes with MTX plasma concentration at 72 or 96h, we did not find any

significant association.
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Table 16. Genetic polymorphisms and methotrexate clearance.

Gene Polymorphism Genotype MTX concentration in plasma at 72h Univariate analysis Multivariate analysis
<0.2 UM, n (%) >0.2 uM, n (%) OR (95% Cl) p p (corrected) OR (95% Cl) p p (corrected)

MTHFR C677T cc/cT 58 (65.9) 30(34.1) 1.00 1.00
T 18 (78.3) 5(21.7) 0.54 (0.18-1.59)  0.244 0.415 0.53(0.17-1.64)  0.256 0.427

MTHFR A1298C AA/AC 65 (65.7) 34 (34.3) 1.00 1.00
cC 10 (90.9) 1(9.1) 0.19 (0.02-1.56)  0.060 0.300 0.21(0.03-1.69) 0.078 0.260

SHMT1 C1420T cc 40 (71.4) 16 (28.6) 1.00 1.00
CT/TT 36 (65.5) 19 (34.5) 1.32(0.59-2.95) 0.498 0.622 1.15(0.49-2.67) 0.748 0.749

TS 28bp 2R3R/3R3R 62 (70.5) 26 (29.5) 1.00 1.00
2R2R 12 (57.1) 9 (42.9) 1.79 (0.67-4.76)  0.249 0.415 1.31(0.47-3.69)  0.608 0.749

TS 6bp-del ++ 34 (72.3) 13 (27.7) 1.00 1.00
+-/-- 42 (65.6) 22 (34.4) 1.37(0.60-3.11)  0.450 0.622 1.67 (0.70-4.00)  0.245 0.427

ABCB1 C3435T cc/cT 60 (72.3) 23(27.7) 1.00 1.00
TT 16 (57.1) 12 (42.9) 1.96 (0.80-4.76)  0.142 0.355 2.19(0.86-5.61)  0.104 0.260

ABCG2 C421A cc 64 (69.6) 28 (30.4) 1.00 1.00
CA/AA 12 (63.2) 7 (36.8) 1.33(0.47-3.74)  0.588 0.636 1.19(0.41-3.46)  0.749 0.749

RFC1 G80A AA 20 (64.5) 11 (35.5) 1.00 1.00
AG/GG 54 (69.2) 24 (30.8) 0.81(0.34-1.95) 0.636 0.636 0.84 (0.33-2.11)  0.709 0.749

SLCO1B1 rs4149081 GG/GA 76 (69.7) 33(30.3) 1.00 1.00
AA 0(0) 2 (100) N.E. 0.097 0.323 N.E. 0.057 0.260

SLCO1B1 rs11045879 TT/TC 76 (70.4) 32 (29.6) 1.00 1.00
CcC 0 (0) 3(100) N.E. 0.030* 0.300 N.E. 0.008* 0.080

N.E. Not Estimable; *p<0.05; Genotypes MTHFR 677 TT, MTHFR 1298 CC, SHMT1 CC, TS 2R2R, TS +-/-- ABCB1 TT, ABCG2 CA/AA, RFC1 AA, SLCO1B1 AA and SLCO1B1 CC were considered of
higher risk of toxicity. Genotypes MTHFR 677 CC/CT, MTHFR 1208 AA/AC, SHMT1 CT/TT, TS 2R3R/3R3R, TS ++, ABCB1 CC/CT, ABCG2 CC, RFC1 AG/GG, SLCO1B1 GG/GA and SLCO1B1 TT/TC
were considered of low risk of toxicity.
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We found a statistically significant association between MTX plasma
concentration and the SLCO1B1 rs11045879 CC homozygous risk genotype. All
the patients with the CC genotype had high MTX plasma concentrations 72 h
after MTX infusion (p= 0.030) (Table 16). In the multivariate analysis, SLCO1B1
rs11045879 remained associated with MTX plasma levels (p=0.008) (Table 16).
When we corrected for multiple comparisons, we obtained a p-value near the
significance level (p= 0.08). In the rs4149081 polymorphism, of the same gene,
SLCO1B1, the AA genotype was always associated with high MTX plasma
concentrations at 72 h, although this association did not reach statistical
significance (p= 0.097; p=0.057). As shown in Figure 25, in the group of patients
with the rs11045879 TT/TC and rs4149081 GG/GA genotypes only a third of
them had high MTX concentrations in plasma, while all the individuals with the
rs11045879 GG and rs4149081 AA had high MTX plasma levels. It is worth to
note that all the individuals homozygous for the risk allele rs4149081 AA had
also the rs11045879 GG risk genotype. This was expected due to the high
degree of linkage disequilibrium between both SNPs (r’=0.807), which are
located in the same linkage block. None of the other polymorphisms analyzed

were in high linkage disequilibrium (pairwise D’ was lower than 0.70).
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Figure 25. Frequency of ALL patients with high and normal MTX plasma concentration at
72 (A, C) and 96 hours (B, D) after MTX infusion according to genotypes of the SLCO1B1
polymorphisms rs4149081 and rs11045879.

In summary, in this candidate gene studies, we have obtained two important

results:

On the one hand, we have confirmed the association between SLCO1B1
rs11045879 polymorphism and MTX toxicity. As SLCO1B1 is a hepatic
transporter involved in MTX elimination, other polymorphisms in transporter

genes from the same pathway could also have a role in MTX toxicity.

Another important result of this study is that MTHFR C677T and A1298C

polymorphisms do not increase the risk of MTX toxicity.
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POLYMORPHISMS OF THE MTX TRANSPORT PATHWAY AND MTX
TOXICITY

In order to search for markers that predict MTX toxicity in pediatric B-ALL
patients, we have performed an exhaustive selection of SNPs in the 12 most
important genes involved in MTX transport and elimination to deeply cover the
genetic variability of each gene. The study has been carried out in a large and
homogeneous population of 151 Spanish pediatric B-ALL patients, all of them
homogeneously treated according to the standardized LAL/SHOP protocol, and
we have used MTX plasma concentration as an objective and quantifiable

toxicity marker.

Patients’ baseline characteristics

In this study, we have analyzed 151 B-ALL patients, whose characteristics are
reported in Table 17. Clinical data about MTX plasma concentration 72 h after
infusion were available for 143 patients. There were 51 patients (35.7%) that
had high MTX plasma levels (>2 uM). Clinical data about other therapy-related
toxicity were available for 130 patients. Among all patients who developed any
of these toxicities (n=66, 41.7%), the prevalence of different types of toxicity
were as follows: hepatic (n=36, 28.1%), vomits (n=28, 21.9%), mucositis (n=12,
9.4%), renal (n=12, 9.4%), hyperbilirubinemia (n=12, 9.4%) and diarrhea (n=7,
5.5%).
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Table 17. Characteristics of the study population.

No. of patients, n
Mean age at diagnosis * SD, years
Sex, n (%)
Female
Male
Risk group, n (%)
Standard
High
Very high
Treatment protocol, n (%)
LAL-SHOP 94/99
LAL-SHOP 2005
MTX dose in consolidation, n (%)
3g/m2
5g/m’
Toxicity during consolidation therapy, n (%)
Any toxicity
Hepatic
Vomits
Diarrhea
Mucositis
Hyperbilirubinemia
Renal
MTX concentration in plasma
Higher than 0.2uM at 72h

151
5.32+3.47

63 (41.7)
88 (58.3)

54 (38.6)
61 (43.6)
25 (17.8)

58 (38.4)
93 (61.6)

66 (43.7)
85 (56.3)

66 (50.8)
36 (28.1)
28 (21.9)
7(5.5)
12 (9.4)
12 (9.4)
12 (9.4)

51(35.7)

SD: standard deviation.

Genotyping Results

A successful genotyping was obtained in 137 DNA samples (90.7%). In the
genotyping process, 41 SNPs out of 384 failed (no PCR amplification, insufficient
intensity for cluster separation, or poor or no cluster definition). These SNPs
were excluded from the study (Table 29, Annex Il). The other 343 SNPs were

genotyped satisfactorily (89.3%). The average genotyping rate for all SNPs was

96.7%.
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Analysis of the association between polymorphisms and toxicity

In order to investigate if genetic variation in the MTX transport and elimination
pathway may influence MTX toxicity, we tested the association between the
343 genotyped polymorphisms in 12 genes and MTX plasma concentration 72 hr

after intravenous infusion.

Significant association with MTX clearance (p<0.05) was found for 21
polymorphisms from 7 genes: 6 SNPs in ABCC4 , 4 SNPs in ABCC2, 3 SNPs in
SLC22A6, 3 SNPs in SLC19A1, 2 SNPs in ABCG2, 1 SNP in ABCC1 and 2 SNPs in
SLCO1B1, including rs11045879, which had been previously described by our
group. Most SNPs remained associated with MTX toxicity when we accounted

for the possible confounding effect of sex, age and MTX dose (Table 18).

After FDR correction, rs9516519 in ABCC4 and rs3740065 in ABCC2 continued
being significantly associated with MTX clearance (corrected P-value<0.05).
Nucleotide T in rs9516519 (ABCC4), and nucleotide C in rs3740065 (ABCC2)

were associated with an increased risk of MTX toxicity.

Although MTX clearance was the most objective and quantifiable toxicity

parameter, directly linked to MTX, we also analyzed the other toxicity

parameters but we did not find any clear associations (data not shown).
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Analysis of the association between haplotypes and toxicity

To test the association between haplotypes and MTX clearance, we first
determined the linkage disequilibrium (LD) block structure for each gene (block
definition was based on Gabriel et al., 2002). ABCB1 was defined by 5 blocks
which showed 21 haplotypes with frequencies higher than 1%; ABCC1 was
defined by 7 blocks which showed 27 haplotypes; ABCC2 was defined by 3
blocks which showed 12 haplotypes (Figure 26); ABCC3 was defined by 6 blocks
which showed 20 haplotypes; ABCC4 was defined by 18 blocks which showed 61
haplotypes (Figure 27); ABCG2 was defined by 3 blocks which showed 13
haplotypes; SLC19A1 2 blocks which showed 10 haplotypes; SLC22A6-SLC22A8
cluster was defined by 3 blocks which showed 18 haplotypes; SLCO1A2 6 blocks
which showed 24 haplotypes; SLCO1B1 6 blocks which showed 28 haplotypes;
SLCO1B3 was defined by 4 blocks which showed 15 haplotypes.

Significant results of the association analyses comparing the frequency of each
haplotype between normal MTX clearers (<2uM) and slow clearers (>2uM) are
shown in Table 19. Significant associations were found for 15 haplotypes (4 in
ABCC2, 6 in ABCC4, 2 in SLC22A6-SLC22A8, 1 in SLCO1B1, 1 in SLCO1A2 and 1 in
ABCG?2). After p correction, haplotype GCGGG in ABCC2 remained statistically
significant (p= 0.0360). This haplotype was associated with increased MTX
toxicity (slow MTX clearance) and included polymorphisms rs3740066,
rs3740065 and rs12826, which were associated with toxicity in the single

analysis.
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Table 18. Genetic polymorphisms and methotrexate clearance.

Gene Polymorphism Genotype MTX concentration in plasma at 72h OR (95% CI) p p adjusted for age p after FDR
< 0.2 uM, n(%) >0.2 uM, n(%) sex and dose correction

ABCC4 rs9516519 TT 52 (55.3) 42 (44.7) 1.00

GT/GG 30(88.2) 4(11.8) 0.17 (0.05-0.51) 0.00026 0.00021 0.01878
ABCC2 rs3740065 T 69 (71.1) 28 (28.9) 1.00

TC/CC 12 (40) 18 (60) 3.7 (1.58-8.67) 0.00226 0.00358 0.03395
SLC22A6 rs11231294 TT 35 (53.8) 30 (46.2) 1.00

TC/CC 47 (75.8) 15 (24.2) 0.37 (0.17-0.80) 0.00917 0.02783 N.S.
SLC22A6 rs4149172 AA 33(34.0) 64 (66.0) 1.00

AG/GG 48 (57.8) 35 (42.2) 0.38 (0.18-0.81) 0.01036 0.02762 N.S.
ABCC4 rs2619312 TT 49 (57.0) 37 (43.0) 1.00

TC/CC 34 (79.1) 9(20.9) 0.35 (0.15-0.82) 0.011367 0.00445 N.S.
SLC19A1 rs1051266 AA/AG 53 (59.6) 36 (40.4) 1.00

GG 28 (82.4) 6(17.6) 0.32(0.12-0.84) 0.01328 0.03916 N.S.
ABCC4 rs1678392 GG 51 (57.3) 38 (42.7) 1.00

GA/AA 31 (79.5) 8 (20.5) 0.35(0.14-0.84)  0.01330  0.00375 N.S.
ABCG2 rs2725252 GG/GT 58 (60.4) 38 (39.6) 1.00

T 22 (84.6) 4(15.4) 0.28 (0.09-0.87)  0.015306 N.S. N.S.
ABCG2 rs2622621 cc 54 (73.0) 20 (27.0) 1.00

CG/GG 27 (51.9) 25 (48.1) 2.50(1.18-5.28)  0.01540 N.S. N.S.
SLC19A1 rs3788200 GG 28 (82.4) 6(17.6) 1.00

GA/AA 53 (60.2) 35(39.8) 3.08 (1.16-8.21) 0.01609 0.04449 N.S.
ABCC2 rs3740066 GG 21 (50.0) 21 (50.0) 1.00

GA/AA 58 (71.6) 23 (28.4) 0.40 (0.18-0.86) 0.01864 0.00903 N.S.
ABCC2 rs12826 GG 21 (50.0) 21 (50.0) 1.00

GA/AA 58 (71.6) 23 (28.4) 0.40(0.18-0.86)  0.01864  0.00996 N.S.
ABCC2 rs717620 GG 39 (54.9) 32 (45.1) 1.00

GA/AA 41 (74.5) 14 (25.5) 0.42 (0.19-0.90) 0.02197 N.S. N.S.
ABCC4 rs7317112 AA/AG 77 (67.5) 37(32.5) 1.00

GG 5(35.7) 9 (64.3) 3.75(1.17-11.97)  0.02215  N.S. N.S.
SLC19A1 rs1131596 CC/CT 47 (59.5) 32 (40.1) 1.00

TT 20 (83.3) 4(16.7) 0.29 (0.09-0.94)  0.02486  0.04668 N.S.
ABCC4 rs9302061 TT/TC 44 (62.0) 27 (38.0) 1.00

cc 11 (91.7) 1(8.3) 0.15(0.02-1.21) 0.02660 0.00284 N.S.
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Table 18. Genetic polymorphisms and methotrexate clearance (Continuation)

Gene Polymorphism Genotype MTX concentration in plasma at 72h OR (95% Cl) p p adjusted for age p after FDR
<0.2 uM, n(%) >0.2 uM, n(%) sex and dose correction

SLC22A6 rs10897310 T 25 (52.1) 23 (47.9) 1.00

TC/CC 51(70.8) 21(29.2) 0.45 (0.21-0.96) 0.03733  N.S. N.S.
ABCC4 rs10219913 T 67 (69.1) 30(30.9) 1.00

TC/CC 15 (48.4) 16 (51.6) 2.38(1.04-5.44) 0.03933  0.03885 N.S.
SLCO1B1 rs4149035 cc 26 (54.2) 22 (45.8) 1.00

CT/TT 57 (72.2) 22 (27.8) 0.46 (0.22-0.97) 0.03995 N.S. N.S.
SLCO1B1 rs11045879 TT/TC 83 (65.9) 43 (34.1) 1.00

cC 0(0.0) 3 (100) NE 0.04343  0.01129 N.S.
ABCC1 rs2230671 GG 39 (55.7) 31 (44.3) 1.00

GA/AA 38 (73.1) 14 (26.9) 0.46 (0.21-1.00) 0.04738  N.S. N.S.

N.E. Not Estimable. N.S. non significant (p>0.05)
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Table 19. Haplotypes and MTX clearance

Results

Gene

SNPs

Haplotype

<0.2 uM (freq)

>0.2 uM (freq)

p-Value

ABCC2

rs1885301;
rs717620;
rs2756105;
rs4148385;
rs2145853

AATAA

0.299

0.163

0.0181

rs1885301;
rs717620;
rs2756105;
rs4148385;
rs2145853

AGTAA

0.206

0.337

0.0235

rs3740066;
rs3740065;
rs12826;
rs12762549;
rs11190298

ATAGG

0.475

0.318

0.0171

rs3740066;
rs3740065;
rs12826;
rs12762549;
rs11190298

GCGGG

0.076

0.193

0.0063*

ABCC4

rs1059751;
rs3742106

TA

0.170

0.076

0.0349

rs10219913;
rs1189445

TG

0.319

0.201

0.0428

rs10219913;
rs1189445

CcG

0.092

0.207

0.0097

rs1189457;
rs1678392;
rs2619312

GAC

0.198

0.087

0.0193

rs9524849;
rs4148455;
rs4148454;
rs4283094;
rs4148446;
rs4148436

AGAGGT

0.065

0.007

0.0298

rs870004;
rs7317112

GG

0.118

0.240

0.0109

SLC22A6/SLC22A8

rs10897310;
rs3017670;
rs6591722;
rs4149172;
rs11231294

CGTGC

0.319

0.191

0.0268

rs10792367;
rs2276299;
rs4149182;
rs2187383

CAGC

0.013

0.072

0.0125

SLCO1A2

rs11045994;
rs2045940;
rs2045939;
rs2045938

TGCT

0.000

0.034

0.0189
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Table 19. Haplotypes and MTX clearance (Continuation).

Gene

SNPs

Haplotype

<0.2 uM (freq)

>0.2 uM (freq)

p-Value

SLCO1B1

rs11045813;
rs2291073;
rs964614;
rs11045818;
rs11045819;
rs4149050;
rs4149056;
rs2291075;
rs2291076;
rs11045821;
rs12812279;
rs4149058;
rs11045823;
rs2900476;
rs2100996

GGTGCCTTCGAGGTT

0.000

0.034

0.0174

ABCG2

rs2622621;
rs13120400;
rs2725261

GTA

0.210

0.322

0.0464

* Statistically significant (p<0.05) after FDR correction.
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Figure 26. Gene Map and LD Plot of ABCC4 and flanking regions.
Scheme is based on DO and logarithm of the odds of linkage (LOD) score values: white D’ < 1 and LOD < 2, blue D’ =1 and LOD < 2,
bright red D’ =1 and LOD 2 2, shades of red: D’ < 1 and LOD = 2. Numbers in squares are D’ values. Block definition is based on the

Gabriel et al. method. SNPs significantly associated with MTX clearance are encircled.
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rs4148394
rs4148396
rs12762549
rs11190298

b

rs1885301
rs2756105
rs4148385
rs2145853
rs2756109
rs2273697
rs2073337

Block 1 (0 kh) Block 2 {0 kh)

%
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Figure 27. Gene Map and LD Plot of ABCC2 and flanking regions.

Scheme is based on DO and logarithm of the odds of linkage (LOD) score values: white D’
<landLOD< 2, blue D’ =1and LOD < 2, bright red D’ =1 and LOD 2 2, shades of red: D’
< 1 and LOD 2 2. Numbers in squares are D’ values. Block definition is based on the

Gabriel et al. method. SNPs significantly associated with MTX clearance are encircled.
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SYSTEMATIC REVIEW AND META-ANALYSIS OF MTHFR
POLYMORPHISMS IN METHOTREXATE TOXICITY PREDICTION

In our candidate genes and polymorphisms approach we did not find any
association between MTHFR C677T and A1298C polymorphisms and MTX
toxicity. A large body of published studies has investigated the potential role of
MTHFR C677T and A1298C polymorphisms in toxicity and response to MTX in
pediatric ALL, with conflicting results. Possible reasons for these discrepancies
are differences in treatment protocols among studies, small or non-
homogeneous populations, ethnic differences, and the use of different criteria

defining toxicity.

For these reasons, we decided to perform a critical review of the published
articles on the relationship between genetic variants of MTHFR and the toxicity
of MTX in pediatric ALL. Then, we undertook a meta-analysis on all eligible
studies, separating them by toxicity criteria, to determine the role of the MTHFR

C677T and A1298C polymorphisms on MTX toxicity in this pediatric ALL patients.

Meta-Analysis Database

For the meta-analysis, we performed an exhaustive search using the keywords
and subject terms “MTHFR and acute leukemia”, and “MTHFR and
polymorphism(s) and toxicity”. The original search provided 264 records. After
eliminating duplications, 238 records remained. Of these, 117 were discarded
after reviewing the abstracts because they clearly did not meet the required

criteria for inclusion. The full texts of the remaining 121 studies were examined
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in detail. Of these, we identified 24 studies which investigated MTHFR SNPs and
MTX related toxicity in pediatric ALL patients for meta-analysis (Figure 28). All
24 studied the C677T polymorphism (Table 20) and 16 of these also studied the
A1298C polymorphism (Table 21).

Records identified through
database searching

N= 264
Records after duplicates removed Records excluded
N=238 N=117

Full-text articles excluded

R N=97
Full-text articles

assessed for eligibility
N=121

Focused on susceptibility N=53
Carried out with adult patients N=5
Carried out in long-term survivors N=5
Only-case study N=4

Technical study N=2

Review:no new data presented N=17
Not in English N=2

No toxicity data N=7

Carried out in cell-lines N=2

Studies included in
meta-analysis
N=24

Figure 28. Flow diagram of study selection.

In general, the 24 studies could be categorized according to the level of
association between MTHFR SNPs and MTX toxicity: those that found no
association, those that found an association between MTHFR SNP and a
significant increase in toxicity, and those that found an association between
MTHFR SNP and a significant decrease in toxicity. No ethnicity was
overrepresented in any of the 3 groups of studies. Additionally, toxicity was not

associated with MTX dosage, as both high and low dose MTX were found in all
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Table 20. List of 24 studies that analyzed association between the MTHFR C677T
polymorphism and MTX toxicity in pediatric ALL, grouped according to the level of
association between the SNP and MTX toxicity

MTHFR C677T
Association with

Patient population | MTX dose | Population toxicity Reference
15 ALL or LBL high Japanese NA Shimasaki et al, 2006™
24 ALL or LBL low Japanese NA Horinouchi et al, 2010
35 ALL high Cretan NA Karathanasis et al, 2011%°
46 ALL high Greek NA Chatzidakis et al, 2006”
53 ALL high Various NA Kishi et al, 2003%
76 ALL high Thai NA Pakakasama et al, 2007%°
81 ALL high European NA Huang et al, 2008
115 ALL high Spanish NA Lopez-Lopez et al, 201172
167 ALL High European NA Erculj et al, 2012%
240 ALL high North American NA Kishi et al, 2007”
201 ALL low French-Canadian NA Krajinovic et al, 2004%
520 ALL low Various NA Aplenc et al, 2005”°

20 ALLor LBL low Japanese +T Shimasaki et al, 20087

26 ALL or ML high Japanese +T Imanishi et al, 2007%

20 ALL high Egyptian +T Tantawy et al, 2010”°

40 ALL High Egyptian +T EL-Khodary et al, 2011”

64 ALL or ML high European +T Faganel Kotnik et al, 20117
141 ALL High Spanish +T Salazar et al, 20117

151 ALL high European +T D’Angelo et al, 2011°

181 ALL high Chinese +T Liu et al, 2011*

557 ALL High Various +T Sepe et al, 2012%

High MTX dose = 1.5 - 5 g / m’; Low MTX dose = 15 —30 mg / m’
NA, no association between the SNP and toxicity

+T, SNP is associated with increased toxicity (light shading)

—T, SNP is associated with decreased toxicity (dark shading)
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Table 21. Association of MTHFR A1298C polymorphism and toxicity in pediatric acute
lymphoblastic leukemia

MTHFR A1298C
Association with

Patient population | MTX dose | Population toxicity Reference
40 LLAs high Egyptian NA Tantawy et al, 20107
115 LLA high Spanish NA Lopez-Lopez et al, 2011°*
151 ALL high European NA D’Angelo et al, 2011%
167 ALL high European NA Erculj et al, 2012%
186 ALL low European NA Costea et al, 2006'"
201 LLA low French-Canadian | NA Krajinovic et al, 2004%
240 LLA high North American | NA Kishi et al, 2007”
520 LLA low Various NA Aplenc et al, 2005™

35 LLA high Cretan Karathanasis et al, 2011%°
37 LLA or NHL high Turkish +T Kantar et al, 2009'"
141 ALL high Spanish +T Salazar et al, 2011”°

High MTX dose = 1.5 -5 g / m’; Low MTX dose = 15 —30 mg / m’
NA, no association between the SNP and toxicity

+T, SNP is associated with increased toxicity (light shading)

—T, SNP is associated with decreased toxicity (dark shading)
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Table 22. Types of toxicities analyzed and the findings in each study of the associations between the MTHFR C677T polymorphism

and MTX toxicity.

MTHFR C677T
. . . . . MTX plasma - Hepatic

Reference Anemia | Leucopenia | Neutropenia | Trombocytopenia | Myelosuppression Mucositis . . Other

levels toxicity

Shimasaki et al, 2006” NA NA NA NA

Horinouchi et al, 2010™ NA

Karathanasis et al, 2011°° NA NA NA NA NA

Chatzidakis et al, 2006”’ NA NA NA

Kishi et al, 2003 NA

Pakakasama et al, 2007” NA NA NA

Huang et al, 2008% NA NA NA NA NA NA NA

Lopez-Lopez et al, 2011°% NA

Erculj et al, 2012% NA NA NA NA NA NA

Kishi et al, 2007”° NA

Krajinovic et al, 2004° NA

Aplenc et al, 2005”° NA NA NA

Kantar et al, 2009'"* NA NA T NA NA NA

van Kooten et al, 2008 NA T NA NA NA

Costea et al, 2006'” T NA NA NA

Shimasaki et al, 2008" +T

Imanishi et al, 2007% +T NA

Tantawy et al, 20107 +T +T +T +T +T/NA

EL-Khodary et al, 2011" +T +T +T +T

Faganel Kotnik et al, 2011" NA NA +T NA

Salazar et al, 2011”° NA NA +T NA NA +T

D’Angelo et al, 2011%° NA +T

Liu et al, 2011% NA NA +T NA NA NA NA NA

Sepe et al, 2012% +T NA

NA, no association between the SNP and toxicity. +T, SNP is associated with increased toxicity. =T, SNP is associated with decreased toxicity
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Table 23. Types of toxicities analyzed and the findings in each study of the associations between the MTHFR A1298C polymorphism

and MTX toxicity.

MTHFR A1298C

Reference Anemia | Leucopenia | Neutropenia | Trombocytopenia | Myelosuppression MTX plasma Mucositis He[?a‘tlc Other
levels toxicity

Tantawy et al, 2010”° NA NA NA NA
Lopez-Lopez et al, 2011°% NA
D’Angelo et al, 2011% NA NA
Erculj et al, 2012% NA NA NA NA NA NA
Costea et al, 2006'" NA NA NA NA
Krajinovic et al, 2004% NA
Kishi et al, 2007" NA
Aplenc et al, 2005 NA NA NA
Faganel Kotnik et al, 2011"* -T NA NA NA
Pakakasama et al, 2007 -T NA NA
Huang et al, 2008% NA NA NA NA NA -T/NA
van Kooten et al, 2008 NA NA T NA NA
Liu et al, 2011% NA NA NA NA NA NA NA -T
Karathanasis et al, 2011°° NA NA NA NA +T
Kantar et al, 2009™" +T NA +T +T +T +T
Salazar et al, 20117 NA NA +T NA NA +T

NA, no association between the SNP and toxicity. +T, SNP is associated with increased toxicity. —T, SNP is associated with decreased toxicity
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three study groupings (Tables 20-21). Because different studies analyzed toxicity
according to different criteria, we performed in-depth analysis for each toxicity

criterion (Tables 22-23).

MTHFR C677T polymorphism and toxicity in pediatric ALL

In the 24 published studies used in this analysis, 12 did not find a significant
association between the MTHFR 677T low functional allele and MTX toxicity

63,73,74,76,83,88,96-100.223 Three studies found an association between the 677T allele

101-103

and a decrease in toxicity . Nine studies found an association between this

6871727782 (Taple 20). Below we analyze the findings

allele and increased toxicity
from the 24 studies for each toxicity criterion and report results from meta-

analysis if enough data was provided to make it possible.

Treatment interruption:

Three studies analyzed MTX treatment interruption. An association between the
677T allele and an increase in interruption was reported by Shimasaki et al "%,
however this study was carried out with a small and heterogeneous population
(20 ALL or lymphoblastic lymphoma (LBL)) and only one patient with the TT
genotype was reported. Two larger studies of 201 and 88 ALL patients did not

find any association between 677T and MTX treatment interruption %, The

three articles did not provide enough information to carry out a meta-analysis.
MTX plasma levels:

MTX plasma levels were studied in five works. Imanishi et al studied 26 children

with ALL or malignant lymphoma (ML) ® and concluded that patients with the
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677TT homozygous genotype had higher MTX plasma levels 48 h after infusion.
The other 4 studies found no association between the C677T SNP and MTX

81,83,101,223

plasma levels 48 h or 72 h after infusion . Only 2 studies provided

enough data, from a total of 137 patients, to be included in the meta-analysis
68223 \We found no statistical association between C677T and MTX plasma levels

(Figure 29).

MTX clearance:

Two studies analyzed MTX clearance and reported conflicting results. One study
of 64 children with LLA or ML ™ found an association between the 677TT
homozygous genotype and a decrease in MTX clearance. The larger study of 240
pediatric ALL patients did not find any association between the C677T SNP and

MTX clearance . We could not carry out a meta-analysis for this parameter.

Diarrhea:

Four studies analyzed diarrhea. An association between the 677TT homozygous
genotype and higher risk of diarrhea was found in a single study of 40 pediatric
ALL patients ®. Three additional studies carried out with 240, 520, and 557
pediatric ALL patients did not find this correlation ">’®*?, Accordingly, the 677TT
genotype cannot be considered a good predictor of severe diarrhea in response
to MTX treatment for ALL. Only one of the 4 articles provided genotype

information, so we were unable to confirm this with a meta-analysis.

Mucositis:
Mucositis was surveyed in 10 studies. Two studies of 64 and 40 children with
ALL found an association between 677TT genotype and higher risk of mucositis

7178 The other 8 studies, most of which were larger and studied various ethnic
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7476,79,81838896.99 This |ack of consistent

populations, did not find this association
results across these studies does not support an effect of the 677TT genotype in
the risk of mucositis in response to MTX treatment for ALL. We performed

71788196 \nith data from a total of 484 observations.

meta-analysis on 4 studies
No association with mucositis was observed (Figure 29). As the heterogeneity
among studies was high, a sensitivity analysis was undertaken and this identified
the study by Tantawy et al. as an outlier. Removing this data from the meta-

analysis reduced the heterogeneity, yet the pooled RR remained non significant.

Hepatic toxicity:

We compiled 16 studies that analyzed hepatic toxicity. Three of them found an
association between the 677TT genotype and increased hepatic toxicity ’”/’®%.
However, two of these studies do not have a very high statistical power, and the
other 13 studies that analyzed this parameter found no association between

68,72,76,79,81,83,88,96,97,100-103
, therefore we

677TT genotype and hepatic toxicity
conclude that the 677TT genotype does not appear to be a good predictor of
hepatic toxicity in response to MTX treatment for ALL. Of these 16 studies, 6

68,78,8182,96,100 \\ith data from a

presented enough data to allow meta-analysis
total of 757 patients. No association between C677T genotypes and hepatic
toxicity was observed (Figure 29). Since there was a great heterogeneity
between studies, a sensitivity analysis was undertaken and this identified the
study by Tantawy et al. as an outlier. Removing this data from the meta-analysis

reduced the heterogeneity yet the pooled RR remained non significant.

Hyperbilirubinemia:
Hyperbilirubinemia was studied in four reports. One study of 37 patients (23)

found that individuals with 677CT or 677TT genotypes had less
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hyperbilirubinemia. Three larger studies of 240, 520 and 557 patients did not

find this association ">7%%?

. None of these articles provided enough information
to perform a meta-analysis. We conclude that the 677TT genotype does not
appear to be a good predictor of hyperbilirubinemia in response to MTX

treatment for ALL.

Neutropenia:

From the 4 papers that analyzed neutropenia, only one reported an association
between the 677TT genotype and higher risk of neutropenia ’®. Two larger
studies did not find this association ¥'%. A fourth study reported the opposite
effect, finding an association between the 677TT genotype and a lower risk of

102

neutropenia (Table 22). Of these 4 studies, 2 provided enough data to be

78,81

included in the meta-analysis with data from 200 patients. No association

between C677T SNP and neutropenia was observed (Figure 29).

Thrombocytopenia:
A total of 10 studies ’%/7798L838896101103 Hn31v7ed thrombocytopenia. An
association between the 677CT and 677TT genotypes and an increased risk of

thrombocytopenia was reported in 2 studies 7*

, but was only statistically
significant for the 677CT genotype. The apparent disadvantage of the
heterozygous genotype is difficult to explain from a functional point of view.
Furthermore, another study reported a correlation between the 677CT and TT
genotypes with decreased risk of thrombocytopenia ‘. In another study that
looked at both C677T and A1298C, an association between the combined 677T
and 1298C alleles and increased thrombocytopenia was found ”°. An additional
6 studies did not find any association between C677T SNP and

71,81,88,96,102,103

thrombocytopenia . In conclusion, the available data do not
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support a clear association between the 677T allele and a higher risk of
thrombocytopenia in response to MTX treatment for ALL. In the meta-analysis,
3 studies were included "“*"*® with data from a total of 381 observations. No
association between the C677T SNP and thrombocytopenia was observed

(Figure 29).

Anemia:

77,79,81 7,101 . 77
7981889697101 3 single study ”’ found

From the 7 reports that studied anemia
an association between C677T and increased anemia. In the meta-analysis, we
excluded 5 studies due to lack of data, leaving 2 studies with data from 192

patients ®°. We observed no association with anemia (Figure 29).

Leucopenia:

We found 9 reports that studied leucopenia. One ”’ found an association
between C677T and increased leucopenia. One study reported the opposite,
finding an association between 677T and decreased leucopenia '®. 7 studies did

71,83,88,9697,100102 " Erom these 9 studies, 2 provided

not find any association
genotype data from 221 observations "“*°. No association between C677T and

leucopenia in response to MTX treatment in ALL was observed (Figure 29).

Renal toxicity:

Renal toxicity was reported in 3 studies. One "’ found an association between
the 677T allele and increased renal toxicity. In a combined study of C677T and
A1298C, association with increased renal toxicity was also found ”®_ Another
larger study did not find any association between the 677T allele and increased
renal toxicity %. Consequently, the published data do not support a clear

association between the 677T allele and renal toxicity in response to MTX
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treatment in ALL. We could not carry out a meta-analysis to confirm it, due to

lack of data.

MTHFR C677T
Neutropenia
MTX plasma levels oot
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Figure 29. Results of meta-analysis of association between the MTHFR C677T SNP and
MTX toxicities in treatment of ALL. No associations were confirmed between genotype

and toxicity.

Finally, in our review of the literature, we re-analyzed, when possible, the data
provided in the articles. In one case in which the authors reported an
association between the 677TT genotype and an increase in global toxicity %,
we detected a statistical error and drew the opposite conclusion to what the

authors proposed (Table 24).
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Table 24. Methotrexate toxicity and MTHFR C677T polymorphism.

Results

MTHFR r/N OR (95% Cl) P-value
C677T
MTX2g
Global toxicity cc 14/21 1.00
CT 22/38 0.69 (0.23 to 2.09) 0.509
T 14 /19 1.40 (0.36 to 5.49) 0.629
Haematological toxicity cc 8/21 1.00
CT 10/38 0.58 (0.19 to 1.81) 0.349
T 3/19 0.30 (0.07 to 1.39) 0.124
Non-haematological toxicity cc 6/21 1.00
CT 12/38 1.15(0.36 to 3.71) 0.810
T 11/19 3.44(0.92 to0 12.79) 0.065
MTX5g
Global toxicity cc 20/27 1.00
CcT 29/33 2.54 (0.65 t0 9.83) 0.177
T 4/13 0.16 (0.04 to 0.67) 0.012*
Haematological toxicity cc 9/27 1.00
CT 13/33 1.30(0.45 to 3.76) 0.628
T 1/13 0.17 (0.02 to 1.49) 0.109
Non-haematological toxicity cc 11/27 1.00
CT 16/33 1.37(0.49 to0 3.82) 0.549
T 3/13 0.44 (0.10 to 1.96) 0.279

*p<0.05.
r= number of subjects presenting toxicity.
N= Total number of subjects.

MTHFR A1298C polymorphism and toxicity in pediatric ALL

In the 16 studies that analyzed this polymorphism (Table 21), 8 studies

63,73,76,78,80.88,103.223 £5)nd no association between A1298C and any toxic effect. In

5 studies, the authors reported a protective effect of the 1298C allele against

various types of MTX toxicity

allele was associated with higher MTX toxicity

71,81,83,99,102

79,96,101

. We found three studies in which this

We could not perform a meta-analysis for transfusions, skin toxicity, MTX

plasma levels, or febrile neutropenia due to lack of data. We did perform meta-
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analyses for leucopenia, myelosuppression, thrombocytopenia, hepatic toxicity,

and anemia and only observed a slight protective effect of the 1298CC genotype

for leucopenia in a meta-analysis study with data from only two reports (Figure

30).

MTHFR A1298C
Leucopenia
CC  AAYAC
Experimental Control . . e
Study Events Total Events Total RR  95%-Cl Wirandom) Hepatic toxicity
7o 047 DE0Z T CC AA+AC
4 064 022773 283%
Events Total Events Total
Random effects model 28 193 —_— 051 [0.30;088] 100%
Hetarogeneity: bsquared=iF:
071 4
. Relative Ris<
Myelosuppression Random effects model 8
rogeseiy: ksquared=T1.5"
CC  AA+AC
Events Total Events Total RR  95%-Cl Wrandom)
4 Anemia
Random effects model 9 21 -———amEmsm—— (79 015378 100% CC  AA+AC
Heterogeneity: ksquared=140.2' il
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Thrombocytopenia
Random effects model 8 17
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Figure 30. Results of meta-analysis of association between the MTHFR A1298C

polymorphism and MTX toxicities in treatment of ALL. We observed a slight protective

effect of the 1298CC genotype with leucopenia using data from only two reports.
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POLYMORPHISMS IN MICRORNAS AND MICRORNAS BIOGENESIS
MACHINERY IN DRUG RESPONSE IN PEDIATRIC ACUTE LYMPHOBLASTIC
LEUKEMIA

MiRNAs, by regulating the expression of pharmacogenomic-related genes, can
play a pivotal role in drug toxicity, having potential clinical implications for
personalized medicine, and genetic polymorphisms can affect their function.
Taking this into consideration, we selected 118 polymorphisms in pre-miRNAs

and in genes of their biosynthesis pathway and analyzed their role in toxicity.

Patients’ baseline characteristics

In this study, we have analyzed 152 B-ALL patients, whose characteristics are
reported in Table 25. Clinical data about MTX plasma concentration 72 h after
infusion were available for 141 patients. There were 51 patients (36.17%) that
had high MTX plasma levels (>2 uM). Clinical data about other therapy-related
toxicity in induction were available for 137 patients and in consolidation for 130

patients.
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Table 25. Characteristics of the study population.

No. of patients, n
Mean age at diagnosis * SD, years
Sex, n (%)
Female
Male
Risk group, n (%)
Standard
High
Very high
Treatment protocol, n (%)
LAL-SHOP 94/99
LAL-SHOP 2005
MTX dose in consolidation, n (%)
3g/m’
5g/m2
Toxicity during induction therapy, n (%)
Any toxicity
Hepatic
Vomits
Diarrhea
Mucositis
Hyperbilirubinemia
Renal
Toxicity during consolidation therapy, n (%)
Any toxicity
Hepatic
Vomits
Diarrhea
Mucositis
Hyperbilirubinemia
Renal
MTX concentration in plasma, n (%)
Higher than 0.2uM at 72h

152
5.1456 +3.41

65 (42.76)
87 (57.23)

56 (40.57)
56 (40.57)
26 (18.84)

65 (43.05)
86 (56.95)

73 (48.34)
78 (51.66)

79 (57.66)
45 (32.84)
36 (26.28)
16 (11.67)
29 (21.17)
21(15.32)
5 (3.65)

71 (54.61)
39 (30)
31(23.85)
9(6.92)
14 (10.77)
11 (8.46)
13 (10)

51(36.17)

Genotyping Results

A successful genotyping was obtained in 145 DNA samples (96.02%). In the
genotyping process, 12 SNPs out of 118 failed (no PCR amplification, insufficient
intensity for cluster separation, or poor or no cluster definition) and 106 were
genotyped satisfactorily (89.83%). The average genotyping rate for all SNPs was
97.81%. Of those 106 SNPs, 14 were not in HWE in a population of 348 healthy

controls and were not considered for further analysis. In total, 26 SNPs were
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excluded from the association study (Table 30, Annex Il). The other 92 SNPs

were used in the association studies.

Analysis of the association with toxicity

In order to investigate if genetic variation may influence MTX toxicity, we tested
the association between the 92 polymorphisms successfully genotyped and in
HWE and different toxicity parameters in the induction and consolidation

phases.

Toxicity in induction

We found 30 statistically significant associations between polymorphisms in
miRNA biosynthesis genes and toxicity during the induction phase of treatment
(Table 26). Of them, 16 were located in processing genes and 14 in pre-miRNAs.
The most significant associations were between XPO5 rs34324334 and
hyperbilirubinemia, TNRC6A rs6497759 and mir-300 rs12894467 and hepatic
toxicity, DROSHA rs10035440 and hyperbilirubinemia, CNOT1 rs11866002 and
mucositis, GEMIN3 rs197388 and renal toxicity, GEMIN4 rs3744741 and hepatic
toxicity and EIF2C1 rs595961 and vomits. After FDR correction, none of these

associations remained statistically significant.
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Table 26. Significant associations between polymorphisms and toxicity parameters
during the induction phase.

Gene SNP Toxicity Genotype Notoxn(%) Toxn(%) OR (95% Cl) p
e T
rs7755135  Mucositis Ac?/iA gi g:z; 2114((12021)) 2.68 (1:22—6.32) 0.0251
TNRC6A 156497759 roi?;?; A(?/c;\A g: gg:g; ;Z gii; 3.46 (1:28-7.46) 0.0013
DROSHA 1510035440 m?;?amm CT/Trcc 22 gig; 1? 2?1)1 ! 0.23 (3:82—0.68) 0.0041
rs6877842  Diarrhea Gg/Gcc ;g E?S:g; 18 gﬂl) 3.12 (1:82-9.23) 0.0359
52287584 Vomits CT/Tch gzlt Egg:els; ig 223:2; 0.45 (3:28-1.00) 0.0455
CNOT1 rs11866002 Mucositis CCT/TCT 5218(2801.67)) 262((6_,10%33) 668 (11_'72325_70) 0.0056
rs37060 :ioi?:x Ag/(i\A e g;i; % Eii:g; 2.52 (1:(1)2-5.39) 00152
Hyperbiliru GG 56 (91.8) 5(8.2) 1.00 0.0193
binemia AG/AA  54(77.1)  16(22.9) 3.32(1.14-9.69)
GEMIN 3 15197388 S(fxr;silty AAT/TAT 12 1(2?)2;3) 23((426.‘2) 26.89 (1;.)21-225) 0.0068
GEMING — rs37a4741 :'oir::l:;: C‘I(':/(‘:I'T Ig EZZ:Q i: gii; 2.96 (1:22—6.63) 00080
ElIF2C1 595961 Vomits ACS?SG 2471 g?fi 1273 tiggi 2.96 (1:22—6.65) 0.0086
CNOT4 rs3812265 Mucositis CTC/CTT g; ggg; 23 2;_73';” 027 (é"gg_ 05 0012
TRBP s784567  Vomits Gi/:G 23 Egg:g; 330((1301.63;) 0.24 (3:83-0.87) 0.0131
- i
SND1 rs322825 Mucositis C'E/(':FT Zz Egig; 11 8(5)?3 0.41 (3:23-0.96) 0.0394
mir300  rs12894467 :'oi?:;;: cCT/TCT E;2((3731.:;) igzég;; 5.12 (11..6%916.16) 0.0038
Hyperbiliru  CC/CT 99 (86.8)  15(13.2) 1.00 00174
binemia T 9 (60.0) 6(40.0)  4.40(1.37-14.13)
mir-449b  rs10061133 tR:;:ilty G://ZG 11151(§393§'32)) 32((116.87)) 11.10 (1i.()7()1-71.9) 0.0132
mir-423 rs6505162  Diarrhea A(S/(/:AA ;: gis; 88((2;'32)) 0.28 (3:28-0.83) 0.0240
mir-1307  rs7911488 Diarrhea Ag/éG 11%0(8269.71)) ;l(gggi 455 (11':9’01?15'72) 0.0241
Mucositis AGA/ZG gg 5212; 261((1227'2) 2.80 (1:82-7.54) 0.0311
mrsis wemsts PRDI SO oo nemeng 00
mir-146a rs2910164  Diarrhea C(?/GCC 471(5) Eggi; 1? gi;é) 3.42 (11.'101?10.50) 0.0251
Mucositis cg/Gcc gg figﬁzi E 233 2.54 (1:82-5.97) 0.0309

142



Results

Table 26. Significant associations between polymorphisms and toxicity parameters

during the induction phase (Continuation).

Gene SNP Toxicity Genotype Notoxn(%)  Toxn(%) OR (95% Cl) p

mir577 rs34115976 E?:\Zi;?;“m CGC/CGG iz ggzz;; 12 :2;)2) 027 (cl):gg-o.gs) 0.0261
mir-492  rs2289030 Vomits gg 960(27;‘23)) 278 ((523%‘97)) 3.75( ;i‘:_) 1208 00282
mir27a  rs893819 E?;\Zi:?;liru CT/Tch: 2(15 :3223 1‘71 gf:;) 3.20 (11.601?10.17) 0.0320
mir-196a-2 rs11614913 Diarrhea Ci/TCT 11021((7900..62)) ;1(2(3?1; 3.83 (11..1(21?12.89) 0.0407
Mir636  rs58834075 :i);\r:rrm?;“ru gi 125(5(3.66)1 ! 15(2?6? 6.18(11(;(-)33.15) 00426

Toxicity in consolidation

We found 31 statistically significant associations between SNPs in the miRNA

biosynthesis genes and premiRNAs and toxicity during the consolidation phase

of treatment (Table 27). Of them, 23 were located in processing genes and 8 in

pre-miRNAs. The most significant associations were between DROSHA rs639174,

rs2287584 and rs4867329 and vomits and rs3805500, in the same gene, and

TNRC6B rs9611280 and hepatic toxicity.

After FDR correction, the association between rs639174 in DROSHA and vomits

remained statistically significant (p = 0.031).
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Table 27. Significant associations between polymorphisms and toxicity parameters during the
consolidation phase.

Gene SNP Toxicity Genotype Absence n (%) Presence n (%) OR (95% Cl) p
DROSHA 1639174 Vomits C‘I(':/(':I'T g :2:2; zggfé) 6.28 (21.601?19.64) 00003
$2287584  Vomits CT/Tch 45111l 5223 271((1315.59)) 3.95 (11.5()3.?10.18) 0.0026
O R
T - I B e
Vomits AGA/AGG g; f%; 252((12%2) 3.40 (1:28—9.76) 0.0137
rs10719 Vomits Ac?/(ls-\A gg Ezzjg; 1; gi:g; 2.62 (i:(lJ(lJ—G.lE)) 0.0259
MTX GG/AG 77 (63.6) 44.(36.4) 1.00 0,027
clearance AA 9 (100) 0(0.0) NE (NE-NE)
r7735863 :loi?:ut;/c AC?/(ZA gg Egg;; 259((13413.53)) 0.33 (3:22-0.95) 00266
rs6877842 roi?:lzlyc cg/Gcc 23 gg:g; i; Ezztcz):g; 2.31 (1:82-5.17) 0.0405
s10035440  Diarrhea TTc/g ! 1817(:22?) 36(<255;i))) 5.78 (11.-2(;(327.06) 0.0411
e S L R
rs139919 Mucositis C'IT;ZC ;‘:’3 ((81%3)) 1(1) géao)l) NE (IN(;?NE) 0.0327
e € hen wew  aw T,
DICER $1209904  Diarrhea C‘I(':/(‘:I'T 22 83:3 81(<112..75)) 8.29 (11.6%?68.39) 00141
rs13078 Diarrhea A‘I.'I;,I-AA ig g;g 72((123?:3)) 5.29 (11.6(?26.62) 0.0255
MTX T 57(72.2) 22 (27.9) 1.00 0.0400
clearance AT/AA 29 (54.7) 24 (45.3) 2.14 (1.03-4.45)
SNDI r$3823994 Zl;:(rance AAT/TAT Sf ((36:59)) 388((6361..72)) 4.42 (11.2()5?15.58) 0.0165
CNOT4 rs3812265 Mucositis C'E/(':FT ;2 gig; 84(<215§.11)) 435 (1'22_15.5) 0.0183
GEMIN 151062923 Zl;:(rance A(?/lzae Z:géi; izgig 2.69(1:(1)2—6.13) 0.0151
vomits A(?//ZG 2o 5223 5 233 2.61 (1:83-6.35) 00366
GEMINS — rs563002 Emirz:;r CT/Tch ;3 gi:i; 73((135.993) 4.60(11.'102(318.84) 0.0252
EIF2C1 5595961 Mucositis GA//:; . 73% ((%'3)) 18 2320)5 ) \E :NOE?NE) 0.0294
cNoT1 rs11866002 roi?g?yc C‘I(':/(‘:I'T 23 233223 ii ggg 0.45 ((1)..3?)-1.00) 0.0480
mir-2053  rs10505168  Mucositis C1T/TCC gg g?;; 93(<147.'23)) 021 ((1):82-0.82) 0.0154
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Table 27. Significant associations between polymorphisms and toxicity parameters during the
consolidation phase (Continuation).

Gene SNP Toxicity Genotype Absence n (%) Presence n (%) OR (95% Cl) p

mir-453 rs56103835 Vomits G/-I\A/?SG gg Eg;:; 12 g:i; 290 (1:22-6.82) 0.0141
MTX AA 62 (72.1) 24(27.9) 1.00 0.0297
clearance GA/GG 25 (53.2) 22 (46.8) 2.27 (1.08-4.77)

mir-1206  rs2114358 Mucositis AAé/éG ig E?gg; 58((275'.73) 457 (11..208(316‘28) 0.0254
Diarrhea AAG/Q ° 22 Ezg:é; 45(<246?0)) 4.90 (11.;109(320.21) 0.0365

mir604 12368393 ?:xr;:ilty Acﬁ//?sc-; ig Ezijg; 93((146.41)) 4.15 (11.607?16.15) 0.0271

meizs stz WO 8 Seoo oo oaruasson °%%

mir-2110 rs17091403  Vomits E'CI' ji ggg; 281(222?;8) 201 (1:82—8.14) 0.0471
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TABLES

Table 28. List of aberrations found in each patient.

Annex Il

Patient | CN State | Type | Chrom Min Max Size Start End
1.0 Loss 1 107141883 | 108650358 1.508.475 p21.1 p13.3
1.0 Loss 1 229507580 | 235866556 6.358.976 q42.13 q42.3
1.0 Loss 5 157944613 | 158520217 575.604 q33.3 q33.3
1.0 Loss 6 150814768 | 151073488 258.720 g25.1 q25.1
1.0 Loss 8 128902762 | 129650650 747.888 q24.21 | q24.21
LLA 1 1.0 Loss 12 9616668 14613836 4.997.168 p13.31 pl3.1
1.0 Loss 12 46127063 46235991 108.928 ql2 ql2
1.0 Loss 12 92212378 | 92531608 319.230 q21.33 | q21.33
1.0 Loss 14 95379498 | 95776681 397.183 q32.13 | g32.13
1.0 Loss 15 41251914 43101366 1.849.452 ql5.1 ql5.2
1.0 Loss 22 22382520 22599075 216.555 qll.22 | ql11.22
3.0 Gain X 33978797 | 34640543 661.746 p21.1 p21.1
1.0 Loss 9 5512283 41759593 | 36.247.310 p24.1 p12
0.0 Loss 9 21284630 | 23559324 2.274.694 p21.3 p21.3
LLA2 3.0 Gain 13 28645708 28849843 204.135 ql2.2 ql2.2
1.0 Loss 13 31047541 | 115103119 | 84.055.578 ql2.3 q34
1.0 Loss 20 35149977 | 47671494 | 12.521.517 | q11.23 | q13.13
1.0 Loss 20 48913398 | 62917655 14.004.257 | q13.13 | g13.33
1.0 Loss 1 225696605 | 249212628 | 23.516.023 q42.12 q44
1.0 Loss 7 29236372 | 64925676 | 35.689.304 p14.3 | gql1.21
LLA1S 1.0 Loss 8 172851 26058609 | 25.885.758 p23.3 p21.2
1.0 Loss 12 11503086 | 14129569 2.626.483 p13.2 p13.1
1.0 Loss 13 - - - pter qter
3.0 Gain X 123144507 | 155186537 | 32.042.030 q25 q28
1.0 Loss 3 60103639 | 60372552 268.913 p14.2 pl4.2
1.0 Loss 6 87975431 | 151014895 | 63.039.464 ql14.3 g25.1
LLAZ3 1.0 Loss 11 62810764 | 63213006 402.242 ql12.3 ql2.3
1.0 Loss 12 10999595 16273060 5.273.465 p13.2 pl2.3
1.0 Loss 12 92140299 | 92531075 390.776 q21.33 | g21.33
1.0 Loss 17 75166748 | 76094319 927.571 g25.2 g25.3
1.0 Loss 1 234715202 | 235072805 357.603 q42.3 q42.3
1.0 Loss 3 60067283 | 60560026 492.743 p14.2 pl4.2
1.0 Loss 3 176925938 | 177351455 425.517 q26.32 | 26.32
1.0 Loss 4 56620183 | 56795604 175.421 ql2 ql2
1.0 Loss 6 109175532 | 109324248 148.716 q21 q21
1.0 loss 7 38273812 | 38395492 121.680 p14.1 pl4.1
1.0 loss 7 106580672 | 106671931 91.259 q22.3 q22.3
LLA2G 1.0 Loss 9 21301749 | 26440331 5.138.582 p21.3 p21.2
1.0 Loss 11 3390050 4586729 1.196.679 pl5.4 p15.4
1.0 Loss 12 31882513 32413968 531.455 pl1.21 | pl11.21
1.0 Loss 13 41550544 | 41592097 41.553 ql4.11 | ql4.11
1.0 Loss 13 49710170 | 51684822 1.974.652 ql4.2 ql4.3
1.0 Loss 14 22393801 | 23002382 608.581 qll.2 qll.2
1.0 Loss 14 66687438 | 76753362 10.065.924 q23.3 q24.3
1.0 Loss 14 77313186 | 78810604 1.497.418 q24.3 q24.3
1.0 Loss 16 67618885 | 67824490 205.605 q22.1 q22.1
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Annex Il

Table 28. List of aberrations found in each patient (Continuation I).

Patient | CN State | Type | Chrom Min Max Size Start End
LLAZ6 1.0 Loss 19 36874541 38533388 1.658.847 ql13.12 | q13.13
1.0 Loss 22 22386244 | 22549168 162.924 ql1.22 | q11.22
1.0 Loss 1 92547699 92657558 109.859 p22.1 p22.1
1.0 loss 5 88189373 89429886 1.240.513 ql4.3 ql4.3
LLA32 1.0 loss 142308091 | 142467867 159.776 q34 q34
1.0 Loss 12 10310373 19235772 8.925.399 p13.31 | pl2.3
1.0 Loss 22 22392472 22602286 209.814 ql1.22 | q11.22
LLA34 3.0 Gain 1 145388014 | 249212628 | 103.824.614 | g21.1 q44
1.0 loss 12 99881976 | 100343680 461.704 q23.1 q23.1
1.0 Loss 1 194589855 | 194697754 107.899 q31.3 q31.3
1.0 Loss 3 43158348 | 49335240 6.176.892 p22.1 | p21.31
1.0 Loss 3 60065318 60678655 613.337 p14.2 p14.2
1.0 Loss 3 63602582 | 106882550 | 43.279.968 pl4.2 | ql13.12
1.0 Loss 3 112063466 | 112216445 152.979 ql3.2 ql3.2
1.0 Loss 4 103604234 | 103743580 139.346 q24 q24
1.0 Loss 4 149773707 | 149904178 130.471 q31.23 | gq31.23
1.0 Loss 4 152661995 | 153273320 611.325 q31.3 q31.3
3.0 Gain 6 27708071 27808081 100.010 p22.1 p22.1
1.0 Loss 6 132272492 | 132460947 188.455 q23.2 q23.2
1.0 Loss 7 142009932 | 142445333 435.401 q34 q34
1.0 Loss 8 60037057 60242344 205.287 ql2.1 ql2.1
LLA35 1.0 Loss 9 115251331 | 115417148 165.817 q32 q32
1.0 Loss 11 68905335 69440036 534.701 ql3.3 ql3.3
1.0 Loss 12 25398882 25538043 139.161 p12.1 p12.1
1.0 Loss 12 48407719 | 48509640 101.921 ql13.11 | q13.11
1.0 Loss 12 92267405 92533525 266.120 q21.33 | q21.33
1.0 Loss 14 22181092 23010320 829.228 qll.2 qll.2
1.0 Loss 14 24258980 | 24513885 254.905 qll1.2 qll.2
1.0 Loss 14 73222960 | 73355261 132.301 q24.2 q24.2
3.0 Gain 17 41426626 | 45180652 3.754.026 q21.31 | q21.32
1.0 Loss 17 45181435 | 45419478 238.043 q21.32 | q21.32
3.0 Gain 17 45420261 80726260 | 35.305.999 | q21.32 | g25.3
1.0 Loss 18 272909 570814 297.905 p11.32 | p11.32
3.0 Gain X 113888820 | 115007722 1.118.902 q23 q23
1.0 Gain Y 6915517 7434526 519.009 p11.2 p11.2
3.0 Gain 4 - - - pter qter
3.0 Gain 6 - - - pter gter
3.0 Gain 10 - - - pter qter
3.0 Gain 14 - - - pter qter
LLA6l 3.0 Gain 17 - - - pter qter
3.0 Gain 18 - - - pter gter
4.0 Gain 21 - - - pter gter
3.0 Gain X - - - pter qter
LLA58 - - - - - - - -
1.0 Loss 1 712576 150101236 | 149.388.660 | p36.33 | 21.2
4.0 Gain 1 231596450 | 231828319 231.869 q42.2 q42.2
LLAGO 1.0 Loss 2 209782263 | 242482696 | 32.700.433 q34 q37.3
1.0 Loss 3 81668 162994210 | 162.912.542 | p26.3 g26.1
1.0 Loss 7 - - - pter qter
1.0 Loss 8 172851 27380090 | 27.207.239 p23.3 p21.2
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Table 28. List of aberrations found in each patient (Continuation Il).

Annex Il

Patient | CN State | Type | Chrom Min Max Size Start End
1.0 Loss 8 - - - pter qter
1.0 Loss 9 - - - pter qter
1.0 Loss 13 - - - pter qter
1.0 Loss 15 - - - pter qter
LLAGO 0.0 loss 15 57200825 57400892 200.067 q21.3 q21.3
1.0 Loss 16 - - - pter qter
1.0 Loss 19 - - - pter qter
1.0 Loss 20 - - - pter qter
3.0 Gain 21 - - - pter qter
1.0 Loss Y - - - pter qter
1.0 Loss 3 112063466 | 112186457 122.991 ql3.2 ql3.2
LLA78 1.0 Loss 9 37032513 37277759 245.246 p13.2 p13.2
1.0 Loss 12 9902498 16016902 6.114.404 p13.31 | pl2.3
1.0 loss 14 22737500 23009854 272.354 qll.2 qll.2
3.0 Gain 6 - - - pter qter
2.0 loss 6 26117304 26330383 213.079 p22.2 p22.2
3.0 Gain 10 - - - pter qter
3.0 Gain 14 - - - pter qter
LLABO 3.0 Gain 17 - - - pter qter
4.0 Gain 21 - - - pter qter
1.0 Loss 22 22454109 22590428 136.319 qll.22 | q11.22
3.0 Gain X - - - pter qter
1.0 Loss 7 142001805 | 142453916 452.111 q34 q34
LLA85 1.0 loss 10 111758741 | 111840369 81.628 q25.1 q25.1
1.0 Loss 21 39763017 39810401 47.384 q22.2 q22.2
1.0 Loss 5 157298744 | 158320101 1.021.357 q33.3 q33.3
1.0 Loss 5 167212457 | 169456037 2.243.580 q34 q35.1
LLA95 1.0 Loss 7 137738379 | 148445034 | 10.706.655 q33 q36.1
1.0 loss 10 68037703 68161439 123.736 q21.3 q21.3
1.0 Loss 12 8853346 15745442 6.892.096 p13.31 | pl2.3
1.0 Loss 3 112070473 | 112203411 132.938 ql3.2 ql13.2
3.0 Gain 4 - - - pter qter
3.0 Gain 8 - - - pter qter
3.0 Gain 9 - - - pter qter
3.0 Gain 10 - - - pter qter
3.0 Gain 11 - - - pter qter
LLA99 3.0 Gain 14 - - - pter qter
3.0 Gain 17 - - - pter qter
3.0 Gain 18 - - - pter qter
3.0 Gain 21 - - - pter qter
2.0 Loss 21 32417732 32883549 465.817 q22.11 | g22.11
3.0 Gain X - - - pter qter
1.0 Loss 4 149341755 | 149848318 506.563 q31.23 | q31.23
1.0 Loss 5 142792649 | 143113895 321.246 q31.3 q31.3
LLA101 1.0 Loss 10 111632024 | 111941434 309.410 g25.1 q25.2
1.0 Loss 12 10775652 13780334 3.004.682 p13.2 p13.1
1.0 Loss 12 46181372 47338794 1.157.422 ql2 ql3.11
1.0 Loss 22 22386244 22593041 206.797 qll.22 | q11.22
LLA103 3.0 Gain 1 145398010 | 204922780 | 59.524.770 gq21.1 q32.1
3.0 Gain 1 216606664 | 216895800 289.136 q41 q4l
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Table 28. List of aberrations found in each patient (Continuation Il1).

Patient | CN State | Type | Chrom Min Max Size Start End
3.0 Gain 1 217228377 | 217560254 331.877 q41 q41
3.0 Gain 1 217612193 | 217754833 142.640 q41 q41
3.0 Gain 1 218272370 | 218810685 538.315 q41 q41
3.0 Gain 4 - - - pter qter
3.0 Gain 5 - - - pter qter
3.0 Gain 6 - - - pter qter
3.0 Gain 8 - - - pter qter
3.0 Gain 10 - - - pter qter

LLA03 3.0 Gain 11 - - - pter qter
1.0 Loss 12 11826813 12056722 229.909 p13.2 p13.2
3.0 Gain 14 - - - pter gter
3.0 Gain 16 21527622 61409802 | 39.882.180 p12.2 q21
3.0 Gain 17 - - - pter qter
3.0 Gain 18 - - - pter qter
4.0 Gain 21 - - - pter gter
2.0 Gain X - - - pter gter
3.0 Gain 1 151996653 | 152192164 195.511 gq21.3 gq21.3
3.0 Gain 1 175487744 | 175607795 120.051 q25.1 q25.1
3.0 Gain 2 179424459 | 179546030 121.571 q31.2 q31.2
1.0 Loss 2 190501522 | 190602439 100.917 q32.2 q32.2
3.0 Gain 3 111234582 | 111341501 106.919 q13.13 | ql13.2
3.0 Gain 4 - - - pter qter
1.0 Loss 5 21192776 21439841 247.065 pl4.3 pl4.3
3.0 Gain 5 60884252 61107889 223.637 ql2.1 ql2.1
3.0 Gain 5 107128784 | 107229451 100.667 q21.3 q21.3

LLA109 3.0 Gain 5 158240867 | 158362976 122.109 q33.3 q33.3
3.0 Gain 6 - - - pter qter
3.0 Gain 7 8436626 8543085 106.459 p21.3 p21.3
3.0 Gain 9 8263437 8367269 103.832 p24.1 p24.1
0.0 Loss 9 21428463 22483924 1.055.461 p21.3 p21.3
3.0 Gain 9 127926063 | 128041949 115.886 q33.3 q33.3
3.0 Gain 10 - - - pter gter
3.0 Gain 11 94493296 94601293 107.997 q21 q21
3.0 Gain 14 - - - pter qter
3.0 Gain 17 - - - pter qter
3.0 Gain 18 - - - pter qter
3.0 Gain 19 18338457 18479647 141.190 p13.11 | p13.11
3.0 Gain 21 - - - pter qter
3.0 Gain 22 27381388 27494460 113.072 ql2.1 ql2.1

LLA107 3.0 Gain X - - - pter qter
3.0 Gain 3 152295700 | 197870805 | 45.575.105 | q25.33 | 26.31
1.0 Loss 8 60035097 60244524 209.427 ql2.1 ql2.1
1.0 Loss 9 209111 36943396 | 36.734.285 p24.3 p13.2
1.0 Loss 17 64214 20115378 20.051.164 p13.3 p13.1
3.0 Gain 4 - - - pter qter
3.0 Gain 6 - - - pter gter

LLA119 3.0 Gain 8 - - - pter gter
1.0 Loss 9 21105602 22763714 1.658.112 p21.3 p21.3
3.0 Gain 10 - - - pter qter
3.0 Gain 14 - - - pter gter
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Table 28. List of aberrations found in each patient (Continuation Il1).

Patient | CN State | Type | Chrom Min Max Size Start End
3.0 Gain 17 - - - pter qter
2.0 loss 17 39371073 | 48801533 9.430.460 q21.2 | q21.33
3.0 Gain 18 - - - pter qter
LLAL1S 4.0 Gain 21 - - - pter qter
2.0 Gain X - - - pter qter
2.0 Gain Y - - - pter qter
3.0 Gain 4 - - - pter qter
3.0 Gain 6 - - - pter qter
3.0 Gain 8 - - - pter qter
3.0 Gain 10 - - - pter qter
LLA133 3.0 Gain 14 - - - pter qter
3.0 Gain 18 - - - pter qter
3.0 Gain 21 - - - pter qter
1.0 Loss 22 22395113 22518006 122.893 ql1l.22 | q11.22
3.0 Gain X - - - pter qter
1.0 loss 1 29645850 | 29792290 146.440 p35.3 p35.3
1.0 loss 1 115865352 | 116130012 264.660 p13.2 pl13.1
1.0 Loss 3 153971601 | 155642789 1.671.188 g25.2 | g25.31
1.0 Loss 3 175950018 | 178147264 | 2.197.246 q26.32 | q26.32
1.0 Loss 4 152862748 | 153021068 158.320 q31.3 q31.3
1.0 Loss 7 149629657 | 150665665 1.036.008 q36.1 q36.1
LLA147 1.0 Loss 10 52117579 | 63326624 11.209.045 | q11.23 | q21.2
1.0 Loss 12 1595206 3396447 1.801.241 p13.33 | p13.32
1.0 Loss 12 9019848 19657112 10.637.264 | p13.31 | pl2.3
1.0 Loss 12 41183159 | 41562567 379.408 ql2 ql2

1.0 Loss 12 42946669 51474483 8.527.814 ql2 ql13.12
1.0 Loss 12 97430486 | 108401784 | 10.971.298 g23.1 q23.3
1.0 Loss 22 22382520 22518122 135.602 ql1.22 | ql11.22
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Table 29. List of SNPs excluded from the MTX transport
pathway study due to genotyping failure

SNP ID Gene Position Alleles
rs193538 ABCC1 intron 6 T>G
rs35625 ABCC1 intron 14 T>C
rs4780591 ABCC1 intron 21 G>C
rs2299670 ABCC1 intron 26 A>G
rs129081 ABCC1 3'UTR G>C
rs4382961 SLCO1B3 intron 2 G>A
rs7311358 SLCO1B3 exon 6 A>G
rs2417940 SLCO1B3 intron 6 G>A
rs11513411 SLCO1B1 intron 2 G>A
rs4149034 SLCO1B1 intron 2 G>A
rs7136445 SLCO1B1 intron 2 A>G
rs4149061 SLCO1B1 intron 8 T>C
rs11045878 SLCO1B1 intron 14 A>G
rs11045885 SLCO1B1 intron 14 A>G
rs11045891 SLCO1B1 3' A>C
rs11045918 SLCO1A2 3'UTR C>A
rs7301895 SLCO1A2 intron 2 T
rs7964783 SLCO1A2 intron 1 A>G
rs10770804 SLCO1A2 intron 1 A>G
rs3753019 SLC19A1 downstream T
rs1888530 SLC19A1 intron 5 T
rs3788189 SLC19A1 intron 5 T
rs4148412 ABCC3 intron 2 T
rs4148413 ABCC3 intron 8 C>G
rs8075406 ABCC3 intron 17 T>A
rs10260862 ABCB1 intron 5 G>C
rs2214102 ABCB1 intron 2 G>A
rs2869732 ABCG2 intron 2 A>G
rs2622625 ABCG2 intron 1 G>A
rs9516521 ABCC4 3'UTR T>C
rs1751050 ABCC4 intron 22 C>G
rs1751059 ABCC4 intron 20 C>G
rs1751064 ABCC4 intron 19 G>A
rs1678396 ABCC4 intron 19 T>C
rs2009772 ABCC4 intron 13 T>C
rs12584649 ABCC4 intron 1 T>C
rs2993590 ABCC4 upstream T>C
Rs7906080 ABCC2 intron 2 A>G
rs4148386 ABCC2 intron 2 G>A
rs9794323 ABCC2 intron 19 T>C
rs11190297 ABCC2 downstream G>T
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Table 30.

association study.

SNPs excluded from the miRNAs pathway

SNP ID Gene Alleles Reason for exclusion
rs11738060 CNOT6 T>A Genotyping failure
rs2368392 mir-604 CT Genotyping failure
rs318039 mir-1274a C>T Genotyping failure
rs34610323 GEMIN4 CT Genotyping failure
rs72631826 mir-16-1 T>C Genotyping failure
rs493760 RNASEN T>C Genotyping failure
rs73239138 mir-1269 G>A Genotyping failure
rs72631825 mir-222 G>A Genotyping failure
rs12197631 mir-548a-1 T>G Genotyping failure
rs11014002 mir-603 C>T Genotyping failure
rs11061209 RAN G>A Genotyping failure
rs1003226 CNOT4 T>C Genotyping failure
rs11156654 mir-624 T>A No HWE

rs174561 mir-1908 T>C No HWE
rs2292832 mir-149 T No HWE
rs2413621 TNRC6B T>C No HWE
rs3742330 DICER1 A>G No HWE

rs3757 DGCR8 G>A No HWE

rs42318 CNOT3 G>A No HWE

rs470113 TNRC6B A>G No HWE
rs4919510 mir-608 C>G No HWE
rs55656741 RNASEN G>A No HWE
rs7719666 RNASEN T No HWE

rs7813 GEMIN4 T No HWE

rs816736 GEMINS5 T>C No HWE

rs910924 GEMIN4 T No HWE

Annex Il
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DISCUSSION

In this study our main goal was to achieve a more personalized therapy. For this,
we aimed to identify new genetic markers in order to recognize individuals who
tolerate the treatment better and more aggressive tumors that require more
intensive treatment. This will enable to make the treatment of children with
Acute Lymphoblastic Leukemia more safe and effective. To that end, we
conducted on the one hand, a pharmacogenetic study of germline
polymorphisms to determine their role in treatment toxicity and, on the other
hand, a cytogenetic analysis of copy number aberrations in the tumor cells for a

better characterization of risk groups and treatment adjustment.

GENETIC ALTERATIONS IN THE TUMORAL CELLS AND THEIR
IMPLICATION IN PROGNOSIS

First of all, in this study we wanted to identify novel deletions and duplications,
cryptic for the traditional cytogenetic techniques, present in the tumoral cells
that could allow a better risk-group classification. With this aim, we analyzed
DNA samples from 23 patients diagnosed with B-ALL from the different risk
groups with Affymetrix Cytogenetics Whole-Genome 2.7M Array. We detected a
high number of genomic abnormalities per case, including recurrent aberrations
that could contribute to the differentiation between standard risk and high risk
groups. We also detected alterations (1g21.3 and 1g25.1 gain, 5933.3 gain or
loss, 10925.1-q25.2 and 12q12 loss) that could allow a better risk group

characterization as they distinguish standard-risk patients who remain in this
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group from those who were changed to high-risk and, consequently, should
have been treated as high-risk from the beginning. We did not find any
recurrent alteration to differentiate the high-risk patients who remain in this

risk group from patients switching to very-high-risk.

In order to reach those results, it was necessary to differentiate between
tumoral aberrations and polymorphisms, for which we had the paired diagnosis
and remission samples. All the copy number variations detected in both the
diagnosis (tumoral) and remission (normal) samples were considered
polymorphisms of the general population and were not further analyzed in this
study. This is an advantage in comparison with other works in which they used

243-249

DNA from controls as reference , as we can be completely sure about

which copy number alterations have taken place in the tumoral cells.

In total, in this study, we have detected 223 alterations, with an average of 9.7
genomic abnormalities per case. Losses outnumbered gains. This number is

39250 This can be due to the fact that the

higher than in other previous studies
array platform we have used has an increased resolution and number of
markers (2.7 million markers across the genome) compared with other
platforms (usually presenting less than 1 million markers), which gives our study

a higher power to detect copy number aberrations.

Among the recurrent aberrations we have detected, some were present in
patients from different risk groups. These aberrations included the loss at
1942.3 that included the IRF2BP2 gene among others; the loss at 3q13.2, which
includes CD200 and BTLA genes; loss at 3926.32; loss at 3p14.2, affecting FHIT

gene; loss at 7934, including T cell receptor cluster (TRB@); loss at 8q12.1; loss
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at 8p; loss at 9p21.3, including CDKN2A and CDKN2B; loss of the ETV6 gene at
12p13.2; Loss at 14q11.2, including PIP4K2A gene; loss at 17921.32, including
CDC27 gene among others; and loss at 22g11.22, that includes the
immunoglobulin lambda locus (IGL@). Some of these alterations might be

associated with the leukemic process.

In fact, CD200/BTLA, FHIT, CDKN2A/B and ETV6 are known genomic hallmarks
detected in previous single nucleotide polymorphism-array studies of pediatric
acute lymphoblastic leukemia *****?*°2%°  €p200 and BTLA, lost in 3 cases,
belong to the immunoglobulin superfamily and regulate immune response
279271 FHIT, lost in 3 cases, is a tumor suppressor gene involved in apoptosis *2.
CDKNZ2A and B, lost in 4 cases, are other known tumor suppressor genes that

273

stabilize p53 “"°. ETV6, deleted in 9 cases, is a transcription factor needed for

2% The role of all these genes in cell proliferation and

hematopoiesis
differentiation and immune response regulation can explain why alterations

involving them are recurrent in ALL.

On the other hand, deletions at the IGL (7 cases) and TRB (4 cases) loci are more
likely to be related to the clonal origin of the leukemic cells than to the leukemic
process in itself. Deletions at the IGL locus can be the result of clonal DJ
rearrangements of the immunoglobulin genes, seen in nearly all cases of B-ALL
! while deletions in the TRB cluster can be the result of T-cell receptor gene
rearrangements, which are seen in a significant proportion of cases (up to 70%)
. In the normal lymphocytes, these rearrangements and deletions occur in
different places in each of the cells. Consequently, these alterations will not be

present in the bulk of normal cells and they will only be detected in the array in
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the tumoral tissue, despite not being an alteration that occurs during the

leukemic process.

Finally, other genes included in the genetic aberrations we have detected,
IRF2BP2, PIP4K2A and CDC27, could be new ALL markers. Some of these genes
have interesting functions. IRF2BP2, which is included in a deletion we have
observed in 3 patients, is a transcriptional repressor of NFAT1, a DNA-binding
protein that induces gene transcription in a wide range of cell types and tissues,

27

including during the immune response *°. It is also a repressor of IRF2, a

6

member of the interferon regulatory transcription factor family *’°, which is

known to positively influence cell growth *’

. As a transcriptional repressor of
these or even other unknown targets, the deletion of this gene could induce cell
growth and proliferation, which could be important in the development of ALL.
PIP4K2A, the precursor to second messengers of the phosphoinositide signal
transduction pathways, which was deleted in 3 cases, is thought to be involved
in the regulation of secretion, cell proliferation, differentiation and motility, and

has been associated with breast cancer outcome >’

. If this gene has a role in cell
proliferation and differentiation, its deletion could be an important step in order
to deregulate these processes and promote ALL. CDC27, which was lost in 2
patients, is a component of anaphase-promoting complex (APC). This protein
was shown to interact with mitotic checkpoint proteins including Mad2, p55CDC
and BUBR1, and thus may be involved in controlling the timing of mitosis *”°.
The deletion of this gene could lead to a deregulation in the mitotic process,

which could lead to increased proliferation, which could explain its putative role

in ALL.
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In our study, some aberrations were only found in patients with the TEL-AML1
translocation, independent of their risk group. Those included the losses at
4931.23 (2 cases), 4931.3 (2 cases) and 12g21.33 (3 cases) in regions that
included no genes. These could represent changes recurrent in the TEL-AML1
leukemia process. In previous reports, other authors have proposed that the
nature and frequency of individual lesions varies significantly between B-ALL
subtypes ’. This suggests that the different first hallmarks need different

secondary changes in order to lead to ALL development.

An important result of our study is the fact that we have detected recurrent
aberrations that could contribute to distinguish the standard risk (loss at 7p14.1,
that includes the TRG locus, and the loss at 14g24.2, that affects the DPF3 gene)
and high risk patients (12923.1 loss affecting ANKS1B gene). Among these,
DPF3, deleted in 2 standard risk patients, functions in association with the BAF

chromatin remodeling complex to initiate gene transcription 2

. Consequently,
alterations in this gene could affect the expression of a wide range of genes,
including those involved in proliferation, cell death or drug resistance and could
have a role in ALL prognosis. On the other hand, ANKS1B, lost in 2 high risk
patients, encodes a multi-domain and multi-functional protein that that has

been also associated with microtubules function ***

. The expression of this gene
has been shown to be elevated in patients with pre-B cell acute lymphocytic
leukemia associated with t(1;19) translocation *®*, which, along with our result,
suggests that the deregulation of this protein, possibly through its role in
microtubule stability which could affect mitosis and promote proliferation, may

have role in ALL and in the aggressiveness and resistance of the disease. These

alterations could be new genetic markers with a potential to implement or
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substitute other markers, such as karyotyping that is quite often failed, for risk

group classification.

Another remarkable result is the detection of alterations that distinguish
standard-risk patients who remain in this group (1-1) from those who were
changed to high-risk (1-2). These aberrations included the gain at 1g21.3,
including SI00A11 gene among others; the gain at 1g25.1 that includes only the
TNR gene; the loss or gain at 5q33.3 affecting EBF1 gene; loss at 10925.1-g25.2,

including ADD3 gene; and loss at 12q12, which contains ARID2 gene.

The most known of these genes is EBF1, which was altered in a 1-2 patient and

two high risk patients. It is critical for commitment to the B cell lineage and early

283 7,258,263,284

development “*° and is a common target of alteration in ALL . It has
been described that ALL patients with BCR-ABL-like expression, which have a
bad prognosis, high risk patients and relapses often had deletions in B-cell

differentiation genes including EBF1 ***%%

, suggesting a possible contribution for
the development of relapse and a potential prognostic value. Accordingly, our
results suggest an association of the alterations in this gene and bad prognosis.
We have additionally seen that they could also help distinguishing those
patients that have been incorrectly assigned to the standard risk group and
should have been included in high risk. S100A11, which was gained in a 1-2 risk
patient and 2 high risk patients, may function in motility, invasion, and tubulin
polymerization. Chromosomal rearrangements and altered expression of this

2 . . .
8 In this case, its role in

gene have been implicated in tumor metastasis
tubuline polymerization could affect the mitotic and proliferation process,
which could explain a putative role in ALL prognosis. Tenascin-R (TNR) , which

was also gained in a 1-2 patient and 2 high risk patients, is an extracellular
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matrix protein expressed primarily in the central nervous system *®. In this case,
it is difficult to explain the association of this gene and ALL risk stratification, but
it could have another unknown function in lymphoblasts or the region in which
it is located might have a regulatory function in ALL. The same can be said about
ADD3, which was lost in a 1-2 patient and a high risk patient and belongs to a
family of membrane skeletal proteins involved in the assembly of spectrin-actin
network in erythrocytes and at sites of cell-cell contact in epithelial tissues 2°.
ARID2, which was lost in a 1-2 patient and 2 high risk patients, is a subunit of the
BAF chromatin-remodeling complex, which facilitates ligand-dependent
transcriptional activation by nuclear receptors and is a new tumor suppressor
gene in hepatocellular carcinoma **. Due to its role in transcriptional activation,
it could also act as a tumor suppressor in ALL and its deletion could be
associated with a worse prognosis. Our results suggest that some of the
alterations found in these regions could be new markers that could be used in

order to improve risk group stratification.

On the other hand, we did not find any recurrent alteration to differentiate the
high-risk patients who remain in this risk group from patients switching to very-
high-risk. This could be due to the low number of patients in the 2-3 category
(n=2) and, especially, in the very high risk group (n=1), which make difficult to

find recurrent patterns of alteration.

In conclusion, the results of this pilot study suggest that risk groups classification
could be improved in patients with pediatric B-ALL through the analysis of new
genetic markers. Loss at 7pl14.1 and 12g23.1 could implement risk group
stratification and others such as 1g21.3 and 1g25.1 gain, 5933.3 gain or loss,

10g25.1-g25.2 and 12912 loss could improve this classification. It would be
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really interesting to analyze the utility of these alterations for a better risk group

stratification in larger populations.

GENETIC VARIANTS IN THE GERMINAL LINE AND THEIR IMPLICATION IN
TREATMENT TOXICITY

In order to select markers to predict the toxic effect of LAL/SHOP therapy, in this
study, we evaluated the influence of polymorphisms in key genes on toxicity in a
group of children diagnosed with B-ALL and treated according to the
standardized LAL/SHOP protocol.

In the last years, several authors have carried out studies in order to search
pharmacogenetic markers of toxicity in pediatric ALL. As methotrexate and 6-
mercaptopurine are the backbone of pediatric ALL therapy, there has been a
great interest in analyzing polymorphisms in the genes involved in their
metabolic and transport pathways. In addition, as ALL patients are treated with
complex multidrug regimens, polymorphisms in genes encoding enzymes

affecting the clearance of several drugs have also been studied.

However, the results are usually controversial. This lack of replication could be
due to small or non-homogeneous populations, differences intreatment

protocols among studies or the toxicity criteria used.

Among the strengths of our retrospective study was avoiding the problems

observed in previous studies. In our study we have worked with a large

population, a homogeneous diagnostic of B-ALL, a standardized treatment
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protocol, LAL/SHOP, followed by all patients, and objective and well recorded

data.

Drug detoxifying enzymes

In the group of drug detoxifying enzymes, we did not find any statistically
significant association between the 5 polymorphisms analyzed in GSTMI,

GSTT1, GSTP1, CYP1A1 and NQO1 and toxicity in induction or consolidation.

Previous works had reported some controversial associations between
polymorphisms in drug detoxifying enzymes and toxicity. Homozygous deletion
of GSTM1 has been previously related to decreased hepatotoxicity ®**?, but in
other studies they did not find any association with this parameter "', By
contrast, the same genotype has been associated with increased
hyperbilirubinemia® and severe infections **, associations which were not

confirmed in another study .

GSTT1 deletion has been associated with
increased hyperbilirubinemia ®°, although this association was not found in
another study which reported an association with increased gastrointestinal
toxicity . Finally, GSTP1 GG genotype was associated with central nervous
system toxicity * but was not associated with this parameter in another study

in pediatric ALL patients.

In summary, our results and the controversy observed in previous reports do

not point to a clear role of these polymorphisms in toxicity in pediatric ALL.
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6-mercaptopurine pathway

In the 6-mercaptopurine pathway, we did not find any patient with the TPMT-
deficient homozygous genotype and we did not find any significant association
between TPMT heterozygous genotype and any of the toxicity parameters

studied in the consolidation phase.

It has been described that TPMT deficient homozygous patients are in great risk
of toxicity and need 6-mercaptopurine dose reduction. However, in our group
we did not find any patient with this genotype, which was expectable due to the
low frequency of this genotype in the population (1/300). Consequently, we

could not assess this effect.

Whether patients with one functional allele would benefit from dose reduction

is less clear. Some authors find association between TPMT heterozygosity and

114,120,127,128,130,291 72,85,119,122,123,126,129 It haS

increased toxicity while others don’t
been proposed that heterozygous TPMT patients treated at conventional doses
(75 mg/m2 per day) are at higher risk of hematopoietic toxicity ***, while those
treated with lower doses (60mg/m2 per day)® do not exhibit a higher rate of
hematopoietic toxicity and would therefore not be expected to benefit from
dose reduction *°. In our study, patients are treated with the LAL/SHOP
protocol, in which patients are treated with 30 mg/m2 per day in consolidation
and 60mg/m2 per day in maintenance. This would be in agreement with that

statement as these would fit among the lower doses and we did not find any

association with toxicity.
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MTX pathway

MTX is very important in pediatric ALL therapy. It is given in all the phases of
treatment, including high doses in the consolidation phase. However, it is also a
drug known for its toxicity. In some patients, the toxic effects are so severe that
the dose must be reduced or the treatment stopped, which can reduce the
survival. For drugs such as MTX, with a very narrow therapeutic index, every
effort should be made to minimize interpatient variability in drug exposure in
order to maximize the benefit while keeping the risk of serious adverse effects

at an acceptable level.

Using MTX plasma levels as an objective and quantifiable toxicity marker, we
found a statistically significant association with the SLCO1B1 rs11045879 CC
homozygous risk genotype and we did not find any association with
polymorphisms in MTHFR, SHMT1, TS, ABCB1, ABCG2 and RFC1 genes. When we
analyzed in depth the MTX transporters pathway, in which SLCO1B1 is included,
we found stronger associations between MTX toxicity and ABCC2 and ABCC4
SNPs.

Several studies have investigated the relationship between genetic variation and
MTX-related toxicity with controversial results. One of the problems we face
when we want to compare studies is the use of non-objective and non-easily

guantifiable toxicity criteria, whose determination may vary among clinicians.
We have used the MTX plasma levels as a good and objective MTX-related

toxicity marker. We assessed that MTX plasma levels were strongly linked to the

development of global toxicity. In fact, 70.6% of the patients with high MTX
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plasma levels 72h after drug infusion developed toxicity, while only 39.7% of the
patients with low MTX plasma levels showed toxicity events (OR= 3.64; p=

66,68,73,101
. One of

0.004). Other authors also used this parameter in their studies
the advantages of using MTX plasma concentration as toxicity marker is that it
can be directly associated with methotrexate, and, if needed, treatment
adjustments could be performed in the future in a specific way. Another
advantage of using this parameter is its availability in the patients’ files and the
fact that we can avoid the lack of homogeneity in the toxicity data collection, as

it is an objectively quantifiable data.

In recent years, the relationship between genetic polymorphisms and MTX
toxicity has been a controversial topic in childhood ALL. In our study, we
selected polymorphisms of several genes from the MTX metabolism with
functional effect and whose implication in ALL toxicity had been previously
suggested by other authors and still are under discussion: MTHFR, SHMT1, TS,
ABCB1, ABCG2, RFC1, and SLCO1B1.

In our study, we found a significant association between the SLCO1B1
rs11045879 CC genotype and increased MTX plasma levels. We did not find any
association between MTHFR, SHMT1, TS, ABCB1, ABCG2 and RFC1

polymorphisms and MTX toxicity.

With our results, we conclude that the polymorphisms analyzed in MTHFR, TS,
SHMT1, ABCB1, ABCG2 and RFC1 are not useful markers for toxicity in pediatric
ALL. Previous associations found in the literature could be due to the analysis of
small or non-homogeneous samples, the use of non objective toxicity markers

or differences in the protocol of treatment.
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For instance, the MITHFR 677T and A1298C alleles encode MTHFR proteins with
decreased enzymatic activity. People with the MTHFR 677CT and 677TT
genotype exhibit 60% and 30%, respectively, of the normal MTHFR activity ***%.
The MTHFR A1298C polymorphism is responsible for a milder decrease in
MTHFR activity, with 1298CC homozygous individuals having 60% of the normal

activity 293

. These polymorphisms have been proposed as putative markers of
increased toxicity for MTX dose individualization. In our study, we did not find
any significant association between MTHFR polymorphisms and MTX plasma
levels. In fact, we observed a tendency towards lower MTX plasma levels in the
group of patients with the CC genotype that did not reach statistical significance
(p= 0.06). In addition, the results published by other authors are controversial.

In this context, we decided to perform a review and meta-analysis to assess its

role in MTX toxicity.

We identified 24 studies which investigated MTHFR C677T SNP and MTX related
toxicity in pediatric ALL patients and 16 of these also studied the A1298C
polymorphism. We categorized the 24 studies in 3 groups according to the level
of association between MTHFR SNPs and MTX toxicity: those that found no
association, those that found an association between the MTHFR polymorphism
analyzed and a significant increase in toxicity, and those that found an

association between the polymorphism and a significant decrease in toxicity.

We could not see that any ethnicity were overrepresented in any of the 3
groups of studies. Studies with both European and Asiatic populations could be
found in all the groups. Additionally, the relationship with toxicity was not
dependent of MTX dosage, as both high and low doses of MTX were found in all

three study groupings.
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We could also see that different studies analyzed toxicity according to different
criteria. That is why we performed an in-depth analysis for each toxicity
criterion. We could observe that the associations found were usually with
different toxicity criteria and that only a few associations (increased mucositis
and MTHFR 677T and increased hepatic toxicity and thrombocytopenia and
MTHFR C677T and A1298C), were found in at least 2 studies. Even in these
cases, the studies that found an association were a minority in comparison to

the studies that did not find any association or found the opposite.

For example, we found 16 studies that analyzed MTHFR C677T polymorphism in
association with hepatic toxicity. Three of them found an association between

71788 However, two of these

the 677TT genotype and increased hepatic toxicity
studies do not have a very high statistical power, and the other 13 studies that
analyzed this parameter found no association between 677TT genotype and

68,72,76,79,81,83,88,96,97,100-103 ' Tharefore we conclude that the 677TT

hepatic toxicity
genotype does not appear to be a good predictor of hepatic toxicity in response

to MTX treatment for ALL.

When we performed the meta-analyses with the available data, we could not
find any significant association except for a slight protective effect of the MTHFR

1298CC genotype for leucopenia

According to the published data analyzed above and the meta-analysis we have
performed, the 677T and 1298C alleles do not seem to be good MTX toxicity
markers in pediatric ALL patients. If anything, the 1298C allele seems to be more
likely a protective factor rather than a toxicity marker. These results combined

with the fact that works that could not be included in the meta-analyses due to
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lack of data, are, in general, those which found no association with toxicity, we
conclude that there is no evidence to support the use of either the MTHFR

C677T or the A1298C SNP as MTX toxicity markers.

Taking into account these results and the results from a recent study reporting
that patients receiving higher doses of MTX have better survival ” patients

might benefit from higher MTX doses in spite of their MTHFR genotype.

On the other hand, another interesting result in our study was that all the
patients with the SLCO1B1 rs11045879 CC genotype had high MTX plasma
concentrations (p=0.008 at 72 h following MTX infusion). When we corrected
for multiple comparisons, the statistical significance was lost, which was
expected due to the frequency of the risk genotype, although we must
emphasize that the p-value (p= 0.08) is near the significance level. Also, the
rs4149081 AA genotype was always associated with high MTX plasma
concentrations, although this association did not reach statistical significance
(p=0.057). In addition, the 3 individuals with the rs11045879 CC genotype and
the 2 patients with the rs4149081 AA genotype developed toxicity during the
consolidation therapy. Both SNPs, rs4149081 and rs1104579, are in linkage
disequilibrium. Consequently, the fact that both SNPs are associated with
toxicity suggests the implication of these SNPs or other SNPs in the same linkage

block in MTX clearance and an important role for SLCO1B1 in MTX toxicity.

In a recent work, using a genome-wide approach, the polymorphisms rs4149081
and rs11045879 of SLCO1B1 gene have been strongly associated with MTX
clearance %, being the first time that this transporter was proposed as a

candidate gene in clinical pharmacogenetic studies of MTX. Now, our findings
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confirm the association found by Trevifio and colleagues between SLCO1B1 and
MTX plasma levels, suggesting that SLCO1B1 polymorphisms may influence

methotrexate-related toxicity in pediatric ALL.

The relationship between SLCO1B1 and MTX clearance can be understood if we
consider its function. SLCO1B1 is localized at the sinusoidal membrane of
hepatocytes, and its transcript has been detected in enterocytes. SLCO1B1
mediates uptake of substrates from sinusoidal blood, resulting in their
excretion, likely via biliary excretion ®. Moreover, SLCO1B1 has been shown to
transport methotrexate in vitro *** and, by using a transgenic mouse model,
SLCO1B1 has also shown to be an important transporter for MTX in vivo, with a

rate-limiting role for plasma elimination **°

. This supports a putative role of
genetic polymorphisms in SLCO1B1 on plasma pharmacokinetics of MTX in ALL

patients.

In summary, identifying the rs4149081 and rs11045879 SLCO1B1
polymorphisms in children with ALL could be a useful tool for monitoring
patients at risk of low methotrexate clearance in order to avoid MTX-related

toxicity. However, further studies with larger populations would be necessary.

In this context, we thought that it would be also of great interest to study the
implication of other polymorphisms in SLCO1B1 and other related genes in MTX

toxicity.
However, there are not studies that analyze in depth polymorphisms in the

genes involved in MTX transport and toxicity. That is the reason why we decided

to evaluate the correlation of 384 polymorphisms in 12 key genes involved in
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the MTX transport pathway with toxicity in a larger group of 151 children
diagnosed with B-ALL and treated according to the standardized LAL/SHOP
protocol. This way, we have assessed the most important genes involved in the
MTX transport in order to detect novel markers that could play a role in the

interindividual differences observed in MTX toxicity in pediatric ALL patients.

We have found significant association with MTX toxicity for 21 polymorphisms
(p<0.05) from 7 genes. The association between rs11045879 in SLCO1B1 and
MTX clearance still remains in both the univariate and the multivariate analysis
but we have found other stronger matches. It should be noted that, from those
21 significant polymorphisms, 6 were located in ABCC4 and 4 in ABCC2, which
represents half of the significant SNPs. When we applied the FDR correction, 2
polymorphisms (rs9516519 and rs3740065) in those 2 genes (ABCC4 and ABCC2)
remained statistically significant. When haplotypes were analyzed, we found 15
significant and, after p correction, haplotype GCGGG in ABCC2 remained
statistically significant (p= 0.0360). All these results point to a relevant role of

ABCC4 and ABCC2 polymorphisms in MTX toxicity in pediatric ALL.

Although we chose MTX clearance due to its direct linkage to MTX and because
it is an objective and quantifiable toxicity parameter, we also analyzed other
toxicity parameters, such as renal toxicity, hepatic toxicity or mucositis.
However, the associations were not so clear. This may be due to the reduced
number of patients in some of the categories. In fact, 5 SNPs of our subset of
significant polymorphisms (rs3740065, rs2619312, rs1678392, rs2622621,
rs4149035) were slightly associated with renal toxicity. As renal toxicity is not
very frequent (9.4%), with a larger population this association might have been

more evident. On the other hand, there could also be a masking effect due to
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the other drugs that are given and that could also be the cause of these
toxicities. That is why they are not as suitable MTX toxicity parameters as MTX

clearance.

The SNP rs9516519 in ABCC4, that showed the stronger association with MTX
toxicity in our study (p=3x10"), is located in a putative microRNA mir-367
binding site. The G allele, which is associated with a decrease in toxicity,
disrupts the putative binding site. Consequently, the loss of a miRNA binding
site could explain an increased ABCC4 function and the consequent decrease in
MTX toxicity. From the other 5 SNPs in ABCC4 with a milder association with
MTX toxicity, rs2619312, rs1678392, rs10219913 and rs7317112 are located in
putative intronic enhancers and CpG sites, that could carry changes in the
methylation pattern and could affect ABCC4 expression >°°, and rs9302061 is an

upstream tag-SNP.

As far as we know, none of the associated polymorphisms had been included
before in pharmacogenetic studies. Even in the GWAS study that has been
carried out ® using theAffymetrix 500K platform, these polymorphisms are not
well represented. This could explain the fact that there have been no matches
until now. Anyway, different studies have reported associations between ABCC4

polymorphisms and toxicity of different drugs such as cyclophosphamide ',

»7 or thiopurines *®. This gives strength to the idea that

bisphosphonate
polymorphisms in this gene can affect its ability to eliminate its substrates. In
the only study that analyzed ABCC4 polymorphisms in pediatric ALL up to now,
Ansari et al. studied only 4 ABCC4 polymorphisms and found an association
between the TC genotype in the upstream polymorphism rs868853 and

192

decreased MTX plasma levels ~*. Although, we did not replicate this association,

176



Discussion

the cumulative evidence contributes to the idea that polymorphisms in ABCC4

can be new predictors of MTX toxicity.

ABCC4 encodes multidrug resistance protein 4 (MRP4), a member of the ATP-
binding cassette family of membrane transporters involved in the efflux of

endogenous and xenobiotic molecules **°

. Among others, MRP4 is able to
transport folates and MTX. Due to its ability to pump MTX out, MRP4 has been
described as a resistance factor for this drug in in vitro experiments with ABCC4-

300,301

transfected cells Consequently, we could expect that if ABCC4 is more

expressed or active, we would have a higher resistance to MTX and less toxicity.

The SNP rs3740065 in ABCC2, associated with MTX toxicity in our study (p=2x10
3), is located in a putative intronic enhancer. The C allele, which increases MTX
toxicity, creates a putative cap signal for transcription initiation in intron 29. This
polymorphism has been previously associated with gastrointestinal MTX toxicity

8 The rs717620 polymorphism is located in the

in rheumatoid arthritis patients
5’UTR region and is also associated with MTX toxicity in our study. Rau et al, the
only authors that have studied the association between 4 ABCC2
polymorphisms and toxicity in a small population of ALL patients, also found an
association between rs717620 polymorphism and MTX clearance *’°. Other
studies have also reported association between this polymorphism and toxicity
produced by other drugs '°>'**%®'%17> Regarding the other SNPs in ABCC2
associated with MTX toxicity in our study, rs3740066 is a synonimous SNP and
has already been associated with toxicity by other drugs *>*"#'*® and rs12826 is

a downstream regulatory polymorphism that, as far as we know, had not been

studied before.
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In our study we also found an association between the GCGGG haplotype
(rs3740066; rs3740065; rs12826; rs12762549; rs11190298) in ABCC2 and MTX
toxicity. In this risk haplotype, the risk alleles of rs3740066, rs3740065 and
rs12826, which were previously associated in the individual analysis, were
included. Consequently, the involvement of these SNPs on the risk of developing

MTX toxicity was strengthened by the haplotype association analysis.

ABCC2 encodes multidrug resistance protein 2 (MRP2), another member of the
ATP-binding cassette family. MRP2 is primarily expressed in the body at critical
sites of uptake and elimination, including liver canalicular membranes and
kidney proximal tubules. The apical subcellular localization of MRP2 at these
sites implicates the pump in hepatobiliary and urinary elimination. The
substrate selectivity of MRP2 includes a range of anticancer agents, including
MTX *%°%3_ A dose-dependent role for MRP2 in the disposition of MTX was
suggested by experiments showing increased drug levels in plasma and in the
contents of the small intestine when MTX was administered to Mrp2-/- mice at
high, but not low, concentrations. This indicates that MRP2 is involved in the

elimination of MTX as a result of its function in liver canaliculi and/or intestine

300

In conclusion, this study identified mainly two significant polymorphisms and
one haplotype in two MTX transporter genes, ABCC4 and ABCC2, associated
with MTX clearance in pediatric ALL patients. We have provided additional
insight into the possible genetic modulation of treatment responses in
childhood ALL. Identifying these polymorphisms in children with ALL could be a

useful tool for monitoring patients at risk of low-MTX clearance in order to

178



Discussion

avoid MTX-related toxicity. Further functional analysis and replication in

independent cohort are needed to support the validity of this pilot study.

Polymorphisms in microRNAs and microRNAs biogenesis machinery in

drug toxicity

It has been proposed that miRNA-related SNPs interfering with miRNA function
may lead to drug resistance or to drug sensitivity >*. For instance, a SNP 829C>T
near the miR-24 binding site in the 3’UTR of DHFR has been shown to alter miR-

24 function and increase DHFR expression and MTX resistance ™

. In our study,
in the MTX transport pathway we observed that the polymorphism with the
strongest association with MTX toxicity in ABCC4 created a new miRNA binding
site. However, there are very few studies analyzing the role of polymorphisms in
miRNAs and miRNA biogenesis genes and, until now, none of them have been
carried out in pediatric ALL. That is the reason why we decided to broaden our

study and analyze polymorphisms in pre-miRNAs and in miRNAs biogenesis

pathway.

We found 30 statistically significant associations with toxicity during the
induction phase of treatment (16 were located in processing genes and 14 in
pre-miRNAs). We also found 31 statistically significant associations and toxicity
during the consolidation phase (23 in processing genes and 8 in pre-miRNAs). Of
these, the association between rs639174 in DROSHA and vomits remained
statistically significant after FDR correction. This is an intronic SNP in LD with
rs7731057, an intronic SNP with a putative role in transcriptional regulation

(TR).
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Surprisingly, other polymorphisms in DROSHA were associated with toxicity in
induction and consolidation: rs10035440 (in LD with rs7720494, intronic TR),
rs6877842 (in LD with rs17494568, situated in an upstream regulatory region),
rs2287584 (synonymous with a putative role in splicing regulation), rs639174 (in
LD with rs7731057, intronic TR), rs4867329 (in LD with rs9292427, intronic TR),
rs3805500 (in LD with rs573156, rs10068052, rs496493, rs4867069, rs492176,
rs6885959, rs516001, rs4867343, rs3828635, rs7737174, rs7726209, rs3763075,
rs3792828 and rs1564381, all of them intronic SNPs with a putative role in
transcriptional regulation), rs10719 (synonymous with a putative role in splicing
regulation) and rs7735863 (in LD with rs10052174, intronic TR). DROSHA
(RNASEN) encodes an RNAse Il enzyme, involved in pri-miRNAs maturation into

pre-miRNAs 304

. Several SNPs in this gene, including some of our matches, have
been associated with reduced DROSHA mRNA expression and with miRNA
expression changes (rs640831, in LD with rs3805500) *** and with survival in
lung cancer (haplotype that includes rs642321 and rs3805516, in LD with
rs10719, rs493760, rs640831, in LD with rs3805500, rs7735863 and rs10520985)
2 and renal cell carcinoma (rs10719 and rs6877842) *®. All these results
together suggest that inherited variation in this gene can affect miRNA
expression levels and function and this could affect the expression of genes

involved in response to treatment.

Interestingly, we also found an association between the SNP rs56103835 in mir-
453 (also known as mir-323b-5p) and MTX clearance. This miRNA has as
putative target genes ABCC1, ABCC2 and ABCC4. The SNP rs56103835, in which
G allele is associated with higher risk of toxicity, is in the pre-miRNA, and thus

could influence miRNA biogenesis and levels of mature miRNA. If mir-453 is up-
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regulated, it would decrease the activity of these genes, the higher toxicity

observed could be explained.

Other significant associations were between XPO5 rs34324334 and
hyperbilirubinemia, TNRC6A rs6497759 and mir-300 rs12894467 and hepatic
toxicity, CNOT1 rs11866002 and mucositis, GEMIN3 rs197388 and renal toxicity,
GEMIN4 rs3744741 and hepatic toxicity and E/IF2C1 rs595961 and vomits in
induction and TNRC6B rs9611280 and hepatic toxicity in consolidation. Among
these genes and polymorphisms, only a few have been studied in relation to
treatment response in other settings. GEMIN4 rs3744741 has been associated
with prostate cancer severity **® and survival in renal cell carcinoma ** and a
polymorphism in XPO5 has been associated with survival in multiple myeloma

patients 307,

Knowing that literature about the function of these genes and their implication
in pharmacogenetics is scarce, our results and the previous reports that relate
some of these genes with treatment outcome in cancer indicate that these

genes and polymorphisms may be of relevance in the study of drug response.

In conclusion, we have found several associations between polymorphism in
pre-miRNAs and genes involved in miRNAs biogenesis and toxicity during
induction and consolidation, especially with polymorphisms in DROSHA. These
results open a new promising field of investigation, involving the study of

miRNA-related polymorphisms in pediatric ALL treatment.
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Conclusions

CONCLUSIONS

In pediatric Acute Lymphoblastic Leukemia:

1. The 14g24.2 deletion could be a new marker for the standard risk group

and 12g23.1 deletion for the high risk group.

2. A total of 5 new markers, the 1g21.3 and 1g25.1 gain, gain or loss,
10925.1-g25.2 and 12912 deletion and 5g33.3 alteration, could improve

standard risk characterization.

3. There is no evidence to support the use of MTHFR C677T and A1298C

SNPs as MTX toxicity markers.

4. SNPs in the MTX transporters, as rs11045879 in SLCO1B1, rs9516519 in
ABCC4 and rs3740065 in ABCC2 could be useful tools to avoid MTX-

related toxicity.

5. The SNP rs56103835 in mir-453, that could regulate ABCC1, ABCC2 and
ABCC4, could also be a new new marker of MTX toxicity. rs639174 in
DROSHA, a gene of miRNA processing, is strongly associated with
vomits. These two results suggest that miRNA-related SNPs could be a

useful tool for toxicity studies.
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Final conclusions:

B-ALL treatment could be improved using new genetic markers to predict

the effectiveness in the tumor and the risk of toxicity in the individual.

We open a new promising field of investigation, involving the study of

miRNA-related polymorphisms in pediatric ALL treatment.
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