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Resumen

El cancer representa un grave problema clinico en la sociedad actual y un reto para la comunidad
cientifica. Esta enfermedad es una de las principales causas de morbilidad y mortalidad en Espafia. El
acido hialurdnico o hialuronano (HA) desempefia un papel fundamental en el crecimiento, migracién
e invasion de tumores malignos. Las funciones del HA estan mediadas por su interacciéon con el
cluster de diferenciacién 44 (CD44) y otras hialadherinas. Numerosos estudios cientificos han
destacado el papel de CD44 y su expresién en cantidades andmalas en la mayoria de tumores sélidos
humanos. La interaccion HA-CD44 estd asociada a determinadas patologias que incluyen el cancer y
la induccion de angiogénesis. Ademds, en condiciones patoldgicas se promueven modificaciones
postranslacionales que dan lugar a isoformas del receptor CD44 con una mayor capacidad de unién

al HA, lo que conduce a una mayor tumorigenicidad.

Aunque se han propuesto diferentes estrategias para inhibir la unién entre el HA y el CD44, pocos
trabajos se han centrado en el desarrollo de pequefias moléculas como inhibidores de la interaccién.
La tetrahidroisoquinolina (THIQ) es una de las primeras estructuras no glucosidicas que ha mostrado
actividad inhibitoria en la interaccion HA-CD44, por lo que ha sido nuestra base para el desarrollo y

optimizacidn de nuevos inhibidores.

El empleo de nanotecnologia ofrece numerosas ventajas en el tratamiento del cancer. Dirigir el
farmaco selectivamente a las células tumorales y reducir su exposicién al tejido sano conlleva una

notable disminucién de los efectos toxicos tan acusados de las actuales terapias antitumorales.

El objetivo general de esta tesis doctoral es el desarrollo de nuevos inhibidores de la interaccién HA-

CD44 asi como el disefio de un nanosistema que permita su liberacidn selectiva en células tumorales.

El disefio de los inhibidores se ha realizado utilizando los datos cristalograficos existentes. Se han
sintetizado tres series de compuestos derivados de THIQ. Especificamente, derivados de N-aril (serie
A), derivados de 3-(indacen-4-ilcarbamoil)-2-arilsulfonil (serie B) y derivados de N-alquil (serie C)
THIQ. Se ha evaluado la actividad de los compuestos frente a diferentes lineas tumorales y se ha
analizado la interaccidon de los compuestos mds potentes con el CD44. Se ha llevado a cabo un
estudio mas exhaustivo del mecanismo de accién de uno de los inhibidores mediante estudios de

espectroscopia resonancia magnética nuclear de diferencia de transferencia de saturacion (STD
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NMR, acrénimo del inglés saturation transfer difference nuclear magnetic resonance) y

redistribucion de masa dindmica (DMR, acrénimo del inglés dynamic mass redistribution).

Para dirigir de forma selectiva este inhibidor al tejido tumoral, se han utilizado nanoesferas de
poliestireno debido a su biodisponibilidad y facilidad de funcionalizacién. Tras la conjugacién con el
inhibidor seleccionado se ha llevado a cabo la evaluacién de la eficacia del nanosistema en términos

de capacidad para liberar el inhibidor y sus efectos hacia células tumorales.
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Abstract

Cancer represents an unmet clinical need and an intellectual challenge for the scientific community.
It is one of the main causes of morbidity and mortality in Spain. Hyaluronic acid or hyaluronan (HA)
plays a key role in the growth, migration and invasion of malignant tumors. HA functions are
mediated by its interaction with cluster of differentiation 44 (CD44) and other hyaladherins. Many
scientific studies have emphasized the role of CD44 and its expression in abnormal amounts in the
majority of human solid tumors. HA-CD44 interaction is associated with certain pathologies including
cancer and induction of angiogenesis. In addition, pathological conditions promote alternate splicing
and post-translational modifications to produce diversified CD44 molecules with enhanced HA

binding, leading to increased tumorigenicity.

Although different strategies have been proposed to inhibit the binding between HA and CD44,
limited work has focused on the development of small molecules as inhibitors of the HA-CD44
interaction. Tetrahydroisoquinoline (THIQ) is one of the first non-glycosidic structures that has
shown inhibitory activity on HA-CD44 interaction and is therefore our basis for the development and

optimization of new inhibitors.

Nanotechnology has made a remarkable contribution to cancer therapy. In order to provide more
effective and safer treatments, a wide variety of nanostructures have been explored to selectively
carry and deliver drugs into the targeted cell or tissue. Thus, the exposure of noncancerous tissue to

the drug is reduced, leading to less toxicity.

The general objective of this doctoral thesis is the development of new inhibitors of HA-CD44

interaction and the design of a nanosystem that allows its selective release in tumor cells.

The inhibitors have been designed using existing crystallographic data. Three series of THIQ-derived
compounds have been synthesized. Specifically, N-aryl (A series), 3-(indacen-4-ylcarbamoyl)-2-
arylsulfonyl (B series) and N-alkyl (C series) THIQ derivatives. The activity of the compounds has been
evaluated against different tumor lines and the interaction of the most potent compounds with
CD44 has been analyzed. Further study of the mechanism of action of one of the inhibitors has been
carried out using saturation transfer difference nuclear magnetic resonance spectroscopy (STD NMR)

and dynamic mass redistribution (DMR) studies.
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To selectively target this inhibitor to tumor tissue, polystyrene nanospheres have been used due to
their bioavailability and easy functionalisation. After conjugation with the selected inhibitor, the
efficacy of the nanosystem was evaluated in terms of its ability to release the inhibitor and its effects

on tumor cells.
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1. Introduccion

1.1. Cancer

La Organizacion Mundial de la Salud (OMS) define cancer, también llamado neoplasia o tumor
maligno, como un término genérico que designa a un amplio grupo de enfermedades que pueden
afectar a cualquier parte del organismo. Se caracterizan por el crecimiento descontrolado de células
alteradas, que con frecuencia se extienden mas alld de sus limites habituales. Al invadir partes
adyacentes del cuerpo o propagarse a otros drganos se denomina metdstasis, que son la principal

causa de muerte por cancer.!

1.1.1. Epidemiologia del cancer

El cancer es una de las principales causas de morbilidad y mortalidad a escala mundial, tan solo por
detras de las enfermedades cardiovasculares. En 2020 se registraron alrededor de 19,3 millones de
nuevos casos, lo que supone que el 20% de la poblacion padecio algun tipo de cancer. Se prevé que
en los proximos 20 afios se genere un aumento hasta los 27 millones de nuevos casos.? Es destacable
gue en las ultimas décadas la incidencia del cancer se esté incrementando rapidamente por todo el
mundo, siendo una de las principales causas de muerte en los paises mas desarrollados. Se estima
que el numero de defunciones a causa del cancer en 2020 fue de 10 millones de personas
produciendo una de cada seis muertes en todo el mundo.>® En el afio 2020, los tumores mas
frecuentemente diagnosticados en el mundo fueron los de mama, pulmédn, colorrectal, préstata y
estomago (Figura 1A). Por otro lado, el cancer de pulmédn es el tipo de cancer que produce un mayor
numero de muertes, seguido del cancer de colorrectal, higado, estdmago y mama. Aunque se han
descrito mds de 100 tipos de cdncer, estos cinco representan mas de la mitad del numero total de

defunciones por esta enfermedad (Figura 1B).>*

El cancer es la segunda causa de muerte en Espaia, en 2020 se registraron 113.000 defunciones y se

estima que la mortalidad por cancer se incrementard a mas de 160.000 casos en 2040.°

A pesar de estos datos, el aumento de la morbilidad del cancer viene acompafiado de una
disminucién gradual en su mortalidad. Este hecho se asocia con la mejora de los sistemas de

diagndstico y de los tratamientos empleados, al descubrimiento de nuevas dianas y al desarrollo de
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terapias innovadoras. Sin embargo, el progresivo aumento de la incidencia y la resistencia a los
tratamientos convencionales hacen que sea necesaria una investigacién continua que permita
comprender mejor los mecanismos biomoleculares que desencadenan la aparicién, desarrollo y
diseminacion de las células tumorales.*

(A) (B)

2261419 (11.7%)

Lung
1796 144 (18%)

Lung

2206771 (11.4%)
Other cancers
3932 768 (39.5%)

Other cancers Colorectum

8 879 843 (46%) 935 173 (9.4%)
Colorectum
1931 590 (10%)
Liver
Prostate
1414 259 (7.3%) 830180 (8.3%)
Stomach Pancreas Stomach
1089103 (5.6%) 466 003 (4.7%) 768 793 (7.7%)
Cervix uteri Oesuphagus
604 127 (3.1%) 905 677 (4.7%) 544 076 (5.5%) 684 996 (6.9%)

Figura 1. Estimacién del nimero de casos y muertes por cancer en 2020. (A) Estimacion del numero de casos
en 2020 englobando todo tipo de tumores, ambos sexos y edades. (B) Estimacién del nimero de muertes en
2020 incluyendo todos los tumores, sexos y edades. Adaptacién de la ref. 3.

1.1.2. Caracteristicas del cancer

El cancer es una enfermedad heterogénea que engloba a diferentes tipos de células. La mayoria de
los canceres estdn compuestos por células que contribuyen a la progresién del tumor y a la
metastasis. Ademas de las células cancerosas y las células madre cancerigenas (CSC, acronimo del
inglés cancer stem cells), también hay que destacar a las células inmunitarias inflamatorias, los
fibroblastos asociados al cancer, las células endoteliales que generan la vasculatura tumoral y los
pericitos que la sustentan.® Estas células tumorales se originan a partir de un proceso de varias
etapas que suele consistir en la progresion de una lesidon precancerosa a una masa celular
diferenciable denominada tumor, invadiendo los tejidos y los drganos sanos vy, finalmente,
diseminandose por todo el cuerpo, alcanzando el sistema circulatorio y/o linfatico originando
metastasis.” Las células tumorales se caracterizan por el mantenimiento de la sefializacidn
proliferativa, auto-renovacién e invasion y colonizacidon de zonas normalmente reservadas a otras
células.®® Ademads, presentan una menor especializacidon que las células sanas, por lo que no se
diferencian en células con una funcién especifica, esto es uno de los motivos por los que las células
tumorales se dividen indiscriminadamente.®® Asimismo, las células tumorales estimulan la formacidn
de vasos sanguineos alrededor de los tumores con el objetivo de obtener nutrientes y de formar un
microambiente favorable para el crecimiento del tumor.® Estas propiedades junto a la evasidn de la

supresion del crecimiento, la inmortalidad replicativa que permite a las células tumorales evadir la

10
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senescencia y la muerte celular desregularizando la funcién de los telémeros y la resistencia a la
muerte celular o apoptosis que sirve como barrera natural contra el desarrollo del cancer,
constituyen las seis sefias de identidad del cancer (Figura 2).°® En 2011, Hanahan y Weinberg
actualizaron las sefias de identidad del cancer incluyendo dos caracteristicas emergentes y dos
factores habilitantes a las propuestas originalmente. El primer grupo engloba la desregulacién de la
energia celular mediante desajustes del metabolismo energético que favorecen el crecimiento y la
divisién celular, y la evasién de la respuesta inmunitaria. Por ultimo, estos autores afiadieron dos
factores habilitantes que son cruciales en la adquisicion de todas las caracteristicas mencionadas
previamente. La inestabilidad gendmica, que confiere ventajas selectivas y el dominio de ciertos
clones de células en un entorno tisular local, y la inflamacién, que aporta moléculas bioactivas al
microambiente tumoral contribuyendo al desarrollo de varias de las caracteristicas anteriores

(Figura 2).51!

Evasion de >
la accién Inflamacién
inmunitaria tumoral
Desregulacion . Inestabilidad
energética ( ) y mutacion
celular 4 del genoma
_— -
e ;
A gl
h
Senalizacion ; lidad
proliferativa nmortalida
sostenida 1 replicativa
50 @)
Evasién de >
supresores del N Resistencia
crecimiento » ala muerte
celular

Induccién de
angiogénesis

Activacion de
lainvasiony

la metastasis

Figura 2. Las diez sefias de identidad que los tumores adquieren durante el proceso carcinogénico. En un
primer lugar se describieron, el mantenimiento de la sefalizacion proliferativa, la evasion de la supresién de
crecimiento, la induccion de la angiogénesis, la activacion de la invasion y la metastasis, la resistencia a la
muerte celular y la inmortalidad replicativa (gris). Mas de una década después, se introdujeron dos
propiedades nuevas (la desregulacidn de la energia celular y la evasion de la respuesta inmunitaria, en azul) y
dos factores habilitantes del cancer (la inflamacién y la inestabilidad y mutacién del genoma, en verde).
Adaptacion de la ref. 11.

La alteracién en el metabolismo energético celular causado por la disfuncién mitocondrial, hace que
sea posible considerar al cdncer como una enfermedad metabdlica. Las células cancerosas
metabolizan la glucosa de forma distinta a las células normales; aun en presencia de oxigeno, las

células tumorales tienen un metabolismo basado en la obtencidn de glucosa, glucdlisis, produccién
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de lactato y poca obtencién de ATP a diferencia de las células normales que producen gran cantidad
de ATP mediante respiracién mitocondrial. Esto implica que el rendimiento energético de las células
tumorales sea mucho menor, obligdndolas a captar cantidades masivas de glucosa para crecer. Esta

desviacion del metabolismo energético se conoce como efecto Warburg.?

1.1.3. Carcinogénesis, invasion y metastasis

La carcinogénesis es el proceso por el que una célula normal se transforma en cancerosa debido a
mutaciones en el material genético, originando clones con mayor capacidad de proliferacion,
supervivencia y crecimiento. Aunque el origen clonal de los tumores no implica que una célula sea
cancerosa, el desarrollo del cancer es un proceso multietapa donde las células se convierten en
malignas progresivamente después de una acumulacién gradual de mutaciones.” Las células del
sistema inmune normalmente son capaces de eliminar esos procesos tumorales, sin embargo,
algunos de los clones pueden evadir los mecanismos de control mediante la adquisicidn de distintas
capacidades. Una Unica célula puede desencadenar un tumor maligno mediante errores en la
replicacion del ADN, esto se da principalmente por inestabilidad gendmica, transferencia de genes y
cambios en el microambiente celular.® De media hay aproximadamente de treinta a sesenta
mutaciones somaticas en el momento de la deteccién de un cancer.®® Estas mutaciones pueden ser
heredadas o adquiridas de novo por exposicién a carcindgenos externos. Estos agentes pueden
clasificarse en tres tipos; carcindgenos fisicos (radiaciones ultravioletas e ionizantes), carcinégenos
quimicos (amianto, componentes del humo del tabaco, contaminantes de los alimentos y del agua

de bebida) y carcinégenos biolégicos (determinados virus, bacterias y parasitos)."®

Aproximadamente el 40% de los nuevos casos detectados y el 60% de las muertes pueden evitarse
mediante el control de los principales factores de riesgo conductuales y dietéticos (indice de masa
corporal elevado, ingesta reducida de frutas y verduras, falta de actividad fisica, consumo de tabaco
y de alcohol).®*1> Por otro lado, el envejecimiento es otro elemento fundamental en la aparicion del
cancer ya que da lugar a la pérdida de eficacia de los mecanismos de reparacion celular y a la

acumulacién general de factores de riesgo.!

En el proceso carcinogénico las células portan fenotipos necesarios para la malignidad, debido a que
se seleccionan positivamente los fenotipos asociados con un mayor crecimiento y supervivencia

celular.!® Esta transformacién consta de tres fases: iniciacion, promocidn y progresion.

- Iniciacion. Durante esta etapa se producen mutaciones en el ADN de las células por accién de
carcinégenos que llevan a cabo la activacion de oncogenes y/o a la inactivaciéon de genes

supresores de tumores. Asi, las células tumorales pierden su capacidad para regular el ciclo
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celular, viéndose alterada la maquinaria celular implicada en su regulaciéon lo que lleva a la

proliferacién celular descontrolada y a la inhibicién de la apoptosis.

- Promocion. Esta se caracteriza por la expansién clonal de las células que sufrieron esas
modificaciones genéticas, observandose un aumento de la proliferacidon y una disminucién de la

muerte celular.

- Progresién. Las células siguen dividiéndose sin control, generando errores en la replicacién y
mutaciones en el ADN, que hacen que las células pierdan su grado de diferenciacidn y adquieran

ademas nuevas capacidades bioldgicas que permitan al tumor crecer e invadir otros tejidos.’

Una vez originado el tumor, la malignidad de este depende de la capacidad de infiltracién y
metastasis. Este proceso comprende las siguientes etapas: activacion de la transicién epitelio-
mesénquima (EMT), invasion local, intravasacion, circulacion por el torrente sanguineo,
extravasacion y supervivencia de las células cancerosas en el 6rgano receptor.’® Normalmente,
dadas las diferencias entre el lugar del tumor primario y del érgano receptor, es necesario un nicho
metastdsico, que facilite las condiciones necesarias para la supervivencia de las células tumorales. La
formacion del nicho metastasico incluye la modificacion de la matriz extracelular, la remodelacién de
la red vascular, la participacion de células no cancerosas (células de la medula dsea, células
endoteliales, fibroblastos...) y la expresidon de moléculas de sefializacién (fibronectina, tenascina-c,
periostina...). Asimismo, el desarrollo tumoral crea un ambiente proinflamatorio, que consta de
guimiocinas, factores de crecimiento, metaloproteinasas que degradan la matriz extracelular

(MMPs) y agentes que dafian el ADN.5*8

Cada célula sana posee una serie de genes que participan en la regulacién de su crecimiento y
division celular. En el inicio de la progresién tumoral, intervienen dos clases de genes

fundamentales:

- Proto-oncogenes: son genes que codifican para proteinas clave en la proliferacion y la
diferenciacidn celular y se encuentran en estado inactivo. Cuando se activan, inducen divisién
celular incontrolada. Los mecanismos de activacion de proto-oncogenes a oncogenes son
mutaciones puntuales, inserciones o traslocaciones cromosdmicas. Tienen herencia dominante,
es decir, la mutacién de uno de los alelos es suficiente para manifestar la mutacidn. Por ejemplo:
factores de crecimiento, Ras, factores de transcripcion como Myc, Jun y Fas y genes que

codifican proteinas reguladoras del ciclo celular como CDK7.

- Genes supresores de tumor: codifican proteinas que inhiben la proliferacién celular vy

normalmente estan activos. Cuando sufren una mutacién se inhibe la retencién del ciclo,
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progresa y se facilita el desarrollo de un tumor. Los mecanismos que alteran la funcién de estos
genes son similares a los de activacion de los oncogenes; sin embargo, a diferencia de los
oncogenes, es necesario la inactivacion de los dos alelos para la pérdida de funcidn, siendo asi
un mecanismo de cardacter recesivo. Por ejemplo: p53, que detiene la division celular, induce la
muerte apoptosis de células anormales y esta involucrado en muchos tipos de cancer y; RBI,
gue es uno de los principales controles del ciclo celular y esta involucrado en retinoblastoma,

cancer de hueso, vejiga, pulmén y mama.*2

1.1.4. Retos actuales en el tratamiento del cancer

Alrededor del 50% de los tumores se pueden evitar reduciendo los factores de riesgo y aplicando
estrategias preventivas. También es muy importante una deteccién precoz de la enfermedad y un
tratamiento adecuado de los pacientes. Un diagndstico correcto del cancer es fundamental para
poder determinar un tratamiento eficaz y adecuado, ya que cada tipo de cancer necesita de un
protocolo especifico que puede comprender una o mds tipos de modalidades, como Ia
quimioterapia, la radioterapia, la inmunoterapia o la cirugia.? El objetivo de la terapia antitumoral
es conseguir una alta selectividad sobre las células tumorales, es decir, atacar Unicamente a dichas
células, de esta manera, cuanto mayor conocimiento se tenga sobre la biologia de las células
tumorales, se podran disefiar y desarrollar fdrmacos mas selectivos. Aunque se ha producido un gran
avance en la compresion de las bases celulares y moleculares del céncer, los tratamientos actuales
carecen de la especificidad necesaria para eliminar las células tumorales sin ocasionar efectos

adversos graves.?

Por otro lado, se ha demostrado como algunos de los primeros fdrmacos eran capaces de eliminar
tumores, pero en la mayoria de los casos no eliminaban las CSCs. Las CSCs han experimentado
continuos procesos de auto-renovacidn y diferenciacién, desarrollando mecanismos de proteccidn
frente a agentes xenobiodticos. Los estudios actuales remarcan que este tipo de células se encuentra
en bajos porcentajes y en estado quiescente, lo que hace que sea muy dificil su identificacién por
parte de farmacos quimioterapéuticos, que generalmente actdan sobre células sometidas a procesos
de division descontrolada. Las CSCs no aparecen en estos procesos de division incontrolada, por lo
que muestran “inmunidad” hacia este tipo de terapias. Ademads, en algunos casos resulta dificil
identificar el origen de las mutaciones debido a la gran alteracidon genética que se refleja en un
fenotipo canceroso. Aunque ciertos mecanismos epigenéticos indican que la hipermetilacién y la
hipometilacién del ADN estan relacionadas con el desarrollo del cancer, es dificil encontrar terapias
epigenéticas selectivas que controlen estos mecanismos sin provocar alteraciones completas en el

genoma humano.*
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La falta de modelos quimicos utiles para el desarrollo de agentes antitumorales, la necesidad
urgente de nuevos farmacos para contrarrestar la amplia propagacion del cancer y el desarrollo de la
resistencia a multiples farmacos, justifica y promueve la busqueda de nuevas sustancias quimicas
gue puedan servir como prototipos para disefiar nuevos agentes antitumorales. Por lo tanto, un
objetivo primordial para la comunidad cientifica es proporcionar nuevos agentes mas eficaces y
selectivos para el cdncer dada su alta incidencia entre la poblacién, para ello se persiguen

principalmente los siguientes objetivos especificos:

a) Reducir los efectos adversos de los farmacos actuales con los consecuentes beneficios para
la poblacion afectada por esta patologia y la disminucidn en el uso de recursos para mitigar

tales efectos.

b) Proporcionar farmacos capaces de disminuir el potencial metastasico de las células
tumorales mejorando asi el resultado y la calidad de vida de los pacientes afectados por el

cancer.

Los receptores de superficie celular interaccionan con biomoléculas que tienen un papel importante
en la proliferacién, migracion, diferenciacidn celular y apoptosis, entre otros procesos relacionados
con el cancer. Por lo tanto, la interaccién de estos receptores con las moléculas bioactivas del
entorno extracelular resulta ser una diana farmacolégica muy interesante con el objetivo de

conseguir una terapia dirigida.?

1.2. HA

El HA es un es un polimero lineal no ramificado de caracter natural que se aislé por primera vez en

1934 a partir del humor vitreo del ojo bovino.?®

Pertenece a un grupo de heteropolisacaridos llamado glicosaminoglicanos (GAGs). Todos los GAGs
poseen una estructura basada en la repeticién de unidades de disacarido de un aminoazucar y un
acido urdnico. En concreto, el HA es un GAG no sulfatado y su estructura estd constituida por
unidades repetidas de un disacarido de N-acetil-D-glucosamina (GIcNAc) y acido D-glucurdnico
(GIcUA) que se unen por enlaces B-(1,3)-glicosidicos. La unién entre los disacaridos tiene lugar
mediante enlaces B-(1,4)-glicosidicos (Figura 3A).?”?® Cuando ambos monosacéridos se encuentran
en configuracion B, se forma una estructura muy estable, al situarse los grupos radicales
voluminosos (hidroxilo, carboxilo y acetamido) en una posicion ecuatorial favorable desde el punto
de vista estérico. A diferencia del resto de GAGs, que presentan diferentes isémeros debido a la

distribucién de sus grupos sulfato, el HA solo puede variar la longitud de sus cadenas y su grado de
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pureza al carecer de ellos. El HA normalmente se encuentra en forma de cadena libre, mientras que
otros GAGs se enlazan covalentemente a proteinas formando proteoglucanos. A veces, se pueden
encontrar en la matriz extracelular aglomeraciones de proteoglucanos unidos de forma indirecta a

moléculas de HA formando complejos.2%%8
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oH OH
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o HO
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Figura 3. (A) Estructura quimica del HA formada por unidades repetidas del disacarido de GIcUA (naranja) y
GIcNAc (verde). (B) Estructura secundaria de un tetrasacédrido de HA. El agua interacciona con el HA mediante
la formacion de enlaces de hidrégeno representados con lineas rojas discontinuas.

El HA posee un amplio rango de pesos moleculares (1-10.000 kDa) y esta presente en todos los
vertebrados y en muchas cepas bacterianas. Se distribuye por casi todos los tejidos animales (tejido
nervioso, epitelial, embrionario, conectivo, superficies celulares, cordén umbilical, etc) y es
responsable de la integridad estructural de los mismos.?%2°3° Ademads, es un componente esencial de
la matriz extracelular, donde se encuentra en forma de sal como hialuronato, de alto caracter
hidréfilo. Debido a la abundancia de cargas negativas en su estructura, tiene una gran capacidad de
hidratacion que le permite crear un espacio acuoso en su interior por medio de plegamientos,
llegando a tener una proporcidon de agua asociada mil veces mayor que su peso molecular.?! Las
moléculas de agua se unen a los grupos carboxilo y acetamido mediante enlaces de hidrégeno para
estabilizar la estructura secundaria del polimero, formando una estructura helicoidal levégira de una
sola hebra (Figura 3B). Esta estructura le otorga un caracter anfipatico, permitiendo formar
complejos con fosfolipidos y participando en el transporte molecular transmembrana. En medio
acuoso, este polimero puede adquirir una estructura terciaria en forma de doble hélice debido a las
interacciones hidrofébicas entre los anillos y a enlaces de hidrégeno intermoleculares entre los
grupos amida y carboxilo de las moléculas adyacentes. El establecimiento de esta estructura

depende del peso molecular y de la concentracidn de HA. Al aumentar estos dos pardmetros, se
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pueden formar estructuras mas fuertes de HA en forma de redes ordenadas y las soluciones acuosas
de este biopolimero adquieren una mayor viscosidad y viscoelasticidad. Al ser un polielectrolito, sus
propiedades reoldgicas estan influenciadas por cambios en el pH, la temperatura y las fuerzas
idnicas. Esto hace que el HA sea especialmente sensible a cambios en el pH, ya que tanto valores
excesivamente acidos o basicos (pHs inferiores a 4 o superiores a 11) degradan el polimero por
hidrdlisis. Este comportamiento tan caracteristico hace que el HA tenga un rol muy importante en un

diverso nimero de procesos fisiolégicos.3?-3°

Debido a su alta capacidad de hidratacion, permite aportar resistencia mecdnica, proteccion y
lubricacion en los tejidos, considerandose un componente esencial del cartilago articular y del
liquido sinovial de las articulaciones. La alta viscoelasticidad que presenta el HA, le permite ser una
molécula esencial en el crecimiento y la remodelacién tisular gracias a su facil adaptacidn a los

espacios vacios.?®3¢

Por otro lado, gracias a sus propiedades fisicoquimicas, el papel principal de los medios ricos en HA
es generar un ambiente que promueva la proliferacidon, migracién celular y transmision de sefiales,
lo que es de vital importancia durante procesos que implican comunicacién y diferenciacién de

células madres, como en la embriogénesis o la regulacion de la hematopoyesis en la médula dsea.3*

38

Al participar en la seializacidn celular y en el transporte de metabolitos entre células, también
desempeiia un papel clave en muchas condiciones fisioldgicas y patoldgicas, por ejemplo, en el
correcto desarrollo cardiovascular, intestinal y esquelético, la homeostasis, la respuesta de

reparacion frente a una lesién, infeccidn o inflamacién de tejido y en el desarrollo tumoral.?831:3°

1.2.1. Metabolismo del HA

El HA tiene un metabolismo muy dinamico. Las células deben mantener un equilibrio entre la sintesis
de HA vy su degradacidon para mantener una concentracidon constante en los tejidos y dar forma al
entorno molecular en el que viven. Este balance es fundamental ya que va a dictaminar el peso
molecular de las moléculas de HA, un factor clave en el proceso patoldgico.***! Existen tejidos donde
no se produce un balance total en su metabolismo, si no que predomina uno de los dos procesos

metabdlicos, por ejemplo, en la dermis, se sintetiza mas HA del que se cataboliza.*?

En el ser humano, la cantidad total de HA es de unos 15 g y se estima que alrededor de un tercio del
total se metaboliza y renueva diariamente.*® La duracion del HA en el organismo difiere segin su
localizacion; la vida media del HA en el torrente sanguineo varia entre 3 y 5 minutos, menos de un

dia en la piel y entre 1y 3 semanas en el cartilago.*
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1.2.1.1. Sintesis del HA

A diferencia de otros GAGs que son sintetizados en el aparato de Golgi en asociacién con proteinas,
la sintesis del HA se lleva a cabo en la cara interna de la membrana plasmatica y puede alcanzar un

peso molecular muy alto.?®

La sintesis del HA se lleva a cabo mediante la accién de tres hialuronano sintasas (HASs): HAS1, HAS2
y HAS3, unas glicosiltransferasas que tienen su sitio catalitico en la cara interna de la membrana
celular. Aunque el HA se sintetiza en la cara citosdlica de la célula mediante el empleo de
precursores citosdlicos, a medida que las sintasas van ensamblando mondmeros, se van
transfiriendo las cadenas de HA al medio extracelular.*® Aunque se considere una molécula
predominantemente extracelular, pueden encontrarse trazas intracelulares o moléculas unidas de

forma no covalente a glicoproteinas de la superficie de la membrana.*>*

Dorfman y Stoolmiller revelaron en 1969 que los iones de Mg? eran esenciales en el proceso de
formacidon de las cadenas de HA a partir de sus precursores, uridina difosfato (UDP, acrénimo del
inglés uridine diphosphate)-GlcNAc y el UDP-GICUA.*® Estas enzimas desarrollan dos procesos
enzimaticos en el proceso de polimerizacién del HA, por un lado, la adiciéon de una unidad de UDP-
GIcNAc y por otro, la adicién de la unidad de UDP-GIcUA a la cadena de HA. El producto que se
genera tras la agregacién de cada azlcar se convierte en el sustrato para la siguiente adicidn (Figura

4). A continuacion, se muestra la reaccion general de la sintesis del HA:*°

HAS
UDP-GICUA + UDP-GIcNAC + (HA), ———»  (HA),., + 2 UDP

Para la generacion de una unidad de disacdarido y la extensidn de la cadena de HA, las HASs poseen al
menos seis funciones distintas. Dos sitios de unidn para los distintos sustratos, dos sitios donde
actuan la glucosiltransferasa de GIcUA y GIcNAc, un sitio aceptor para la cadena de UDP-HA que se
va formando y, por ultimo, la capacidad para transferir la cadena de HA hacia el exterior. Una vez
terminado el proceso, la adicién de monosacaridos se repite hasta formar las cadenas de HA con
tamafio variable. Los sustratos de UDP son producidos y utilizados por las HASs en el interior de la
célula, mientras que la cadena de HA originada es translocada continuamente al exterior de la célula
por extrusidon a través de un poro de la membrana celular (Figura 4). Antes de su liberacion, la
cadena de HA puede llegar a tener una masa de mas de 8.000 kDa (unos 40.000 monosacaridos).
Una vez en el exterior, el HA puede formar complejos con proteinas de unién, originando una capa

pericelular a la que se pueden unir otras estructuras.*47:8
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Figura 4. Proceso de polimerizacion mediante el que las HASs sintetizan el HA y lo transfieren al exterior de la
célula. Los nimeros 1-6 representan las distintas funciones que se requieren para que las enzimas ensamblen
los monosacaridos (GIcUA, en naranja y GIcNAc en verde) y produzcan las cadenas de HA; 1) sitio de union a
UDP-GIcUA, 2) sitio de unién a UDP-GIcNAc, 3) transferasa B (1,3) GIcUA, 4) transferasa B (1,4) GIcNAc, 5)
aceptor de HA y 6) translocacion de HA. Adaptacién de la ref. 45.

Aunque las tres isoformas de HAS poseen una estructura similar en su secuencia de aminoacidos, las
secuencias genéticas que las codifican se encuentran en distintos cromosomas, por lo que la
actividad de cada una de ellas estd controlada por diversos factores de crecimiento, citoquinas,
estrés celular y otras proteinas como quinasas. Los genes que codifican las HASs (has1, has2 y has3)
responden de forma distinta a las sefiales de transcripcidn, por lo que las distintas isoformas difieren
entre si en propiedades bioquimicas, actividad, elongacién de producto y estabilidad.** En estudios
in vitro e in vivo se han obtenido variaciones significativas en la sintesis de HA por cada enzima. Se
cree que la razdn de las diferencias encontradas se debe a que las propiedades enzimaticas de las
isoformas son complementarias entre si, de manera que la sintesis de HA esté regulada a distintos
niveles en funcién de la expresion de las enzimas que la sintetizan. HAS1 y HAS3 muestran mayores
niveles de expresién en el higado, musculo esquelético y corazdon, mientras HAS2 se expresa de

manera predominante en el intestino delgado y en el corazén.?

La isoforma HAS1 es la menos activa y se encarga de la sintesis de HA de alto peso molecular (HMW-
HA, acronimo del inglés high molecular weight hyaluronic acid) (200-2.000 kDa). HAS2 sintetiza
cadenas de HA de alto peso molecular (de mas de 2.000 kDa) y es critica para la supervivencia animal
ya que la deficiencia de esta enzima en etapas embrionarias se asocia a letalidad. Su accién esta
asociada a la proliferacién celular y puede estar implicada en procesos inflamatorios, cancer o

fibrosis pulmonar. Por ultimo, HAS3 es la isoenzima mas activa y se encarga de la sintesis de
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moléculas de HA de bajo peso molecular (LMW-HA, acréonimo del inglés low molecular weight

hyaluronic acid) por debajo de 200 kDa (Figura 5).%%%!

Una regulacién incorrecta de los genes que codifican estas enzimas puede dar lugar a una
produccién anormal de HA y producir situaciones patoldgicas. Se ha observado la sobreexpresién de
estas enzimas en carcinomas altamente metastdsicos y se ha relacionado con un mal prondstico en
varios tumores humanos. Los patrones de expresién de las HASs se pueden considerar como

biomarcadores especificos del cancer.>

La inhibicién de la HAS1 participa en la regulacion del cdncer de vejiga ya que disminuye la
proliferacién de estas células tumorales.®®* HAS1 también se ha relacionado con un prondstico
desfavorable en el cancer de colon. Por otro lado, se ha visto como las células tumorales agresivas
de ovario y mama expresan altos niveles de HAS2 en comparacién con las células tumorales de
menor agresividad. De hecho, los niveles de expresién de HAS estan correlacionados con los niveles
de estadificacion del cancer de mama y la supervivencia del paciente. En la metdstasis de prdstata y
cancer de colon se expresan altos niveles de HAS3, lo que hace indicar que la actividad de HAS3

tiene un papel clave en el desarrollo de estos tumores.>*=>®

Por tanto, el HA, producto de la actividad de las HASs se relaciona positivamente con el fenotipo
maligno de las células tumorales. El exceso de HA promueve la proliferacion de células malignas y el

desarrollo del cancer.”’

1.2.1.2. Degradacion del HA

Las moléculas de HA se degradan en oligdmeros de bajo peso molecular en el organismo mediante
dos mecanismos; uno enzimatico especifico llevado a cabo por hialuronidasas (HYALs) y otro no
especifico marcado por el dafio oxidativo debido a especies reactivas de oxigeno (ROS, acrénimo del

inglés reactive oxygen species).

Las HYALs poseen un elevado grado de homologia en su secuencia aunque difieren en su distribucion
tisular, ya que pueden ser especificas de un drgano o de amplia distribucion. La mayoria son enzimas
lisosomales y para alcanzar su actividad maxima van a necesitar un pH acido. Existen seis tipos de
HYAL en humanos; HYAL1, HYAL2, HYAL3, HYAL4, HYALS (PH20) e HYAL6 (HYALP1), aunque solo las

cinco primeras son funcionales.*®

HYAL1 y HYAL2 son las principales HYALs expresadas en los tejidos somaticos de los mamiferos, con
una homologia en su secuencia relativamente alta. HYAL1 también se encuentra en el plasma y se
localiza en el interior de los lisosomas donde predomina el pH acido, fundamental para alcanzar su

actividad maxima. En cambio, HYAL2 se encuentra anclada a la superficie celular a través de
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glicofosfatidilinositol y a diferencia de HYAL1 puede desarrollar su actividad en un amplio rango de
pH. La escisién del HA por parte de HYAL1 y 2 estd coordinada y es secuencial. Cuando el HA se
encuentra unido a su receptor principal, el CD44, la enzima HYAL2 degrada progresivamente el
HMW-HA en fragmentos de 10 a 100 kDA en el exterior de la membrana plasmatica.
Posteriormente, los fragmentos de HA resultantes de diferente tamafio se hidrolizan por HYAL1
después de ser internalizados en endo-lisosomas, generando pequefios oligosacaridos de HA (oHA)

(Figura 5).58°%0

Figura 5. Metabolismo del HA. EI HA es sintetizado en la membrana plasmatica por HAS1-3 originando cadenas
de diferente tamafio de HA. En la biodegradacién del HA participan el receptor CD44 y las enzimas HYALs. El
HMW-HA se une a la superficie celular por CD44 y es hidrolizado en primer lugar por HYAL2 dando lugar a
fragmentos de unos 20 kDa. Posteriormente, estos fragmentos son internalizados y degradados en
oligosacdridos mas pequefios por HYALL.

HYAL3 también es expresada, con menos frecuencia, en una amplia gama de células somaticas y en

el interior de vesiculas. Esta enzima parece que esta involucrada en el aumento de la actividad de

HYAL1.%8

La enzima HYAL4 se encuentra expresada en la placenta y en el tejido muscular y se encarga de
degradar predominantemente un GAG sulfatado, el condroitin sulfato. HYALS se localiza en el tejido
testicular y presenta actividad en un amplio rango de pH, fragmentando el HA en pequefiios
oligosacaridos de 2 o 3 unidades. Por ultimo, HYAL6, es un pseudogen que se haya en el testiculo,

pero no es funcional.®*
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El impacto positivo de la actividad de las HASs sobre el crecimiento, la migracion y la malignidad de
la mayoria de los tipos de células tumorales demuestra que las HYALs desempefian un papel

importante como supresores de tumores.®?

El HA crea un microambiente tumoral compacto dificil de penetrar, debido a ello, aumenta la
presién intersticial en el tumor y se puede bloquear la entrada de agentes quimioterapéuticos y su
difusiéon por la masa tumoral. Como consecuencia de esto, se inhibe la accién terapéutica de los
farmacos, es por ello, que el HA esta relacionado con los procesos de quimioresistencia. Las HYALs
tienen un papel muy importante en este proceso ya que son enzimas que hidrolizan el HA,
promoviendo la difusiéon de los fluidos inyectados en los tejidos y facilitando su absorcién. Van a
actuar degradando el HA, disminuyendo la presién intersticial del fluido y aumentando asi la

penetracién del farmaco e incrementando su eficacia.®*%

Por otro lado, estudios en cancer de mama y de prdstata han relacionado la sobreexpresidon de estas

enzimas con la progresion y capacidad invasiva de las células tumorales.54%°

Asi como las diferencias en la actividad y regulacion de cada enzima son importantes, el tamafio del

HA es critico en el desarrollo del microambiente y progresién tumoral. 24041

1.2.2. HA y cancer

Aunque inicialmente se consideraba al HA una molécula cuyas funciones eran atribuidas
exclusivamente a sus propiedades fisicas, actualmente se tiene constancia de su dinamismo y de la
respuesta dual, dependiendo de la longitud de sus cadenas, al interaccionar con moléculas de la

membrana plasmdtica y de la matriz extracelular.?®

Las cadenas de HMW-HA se asocian a proliferacién y anti-angiogénesis; ademas, desarrollan labores
beneficiosas en procesos inflamatorios, desarrollo y reparacién de tejidos controlando los niveles de
citoquinas inflamatorias y también estdn involucradas en los procesos de ovulacion, fecundacion y
embriogénesis; mientras que las cadenas de LMW-HA que son dependientes de diversos factores
como la temperatura, concentracidon de sales, pH o iones especificos, estan relacionadas con la
produccién de citoquinas pro-inflamatorias, la angiogénesis, la estimulacién del sistema inmune y la

remodelacidn tisular en el proceso de cicatrizacion.?

El microambiente que se aprecia en torno al tumor esta considerado un factor determinante para el
desarrollo tumoral.’® El HA, uno de los principales componentes del estroma tumoral y de la
superficie de las células tumorales, influye notablemente en procesos de oncogénesis al tener

capacidad de modificar este microambiente. Las mutaciones genéticas que conducen al cancer
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regulan la sintesis de componentes de la matriz extracelular de manera anormal, disminuyendo la
secrecién de proteinas fundamentales y potenciando la retencidn de algunos metabolitos en las
células. Sin embargo y como ya se ha comentado anteriormente, las bases bioldgicas de la
oncogénesis van mas alld de las mutaciones genéticas, por lo que el ambiente registrado en las
zonas anexas a un tumor también interviene en los procesos de crecimiento, migracion tumoral,

angiogénesis y en la estimulacién de proteasas degradantes de tejidos.*®

Asimismo, el HA desempena un papel central en muchos aspectos del desarrollo y progresién del
cancer: el HMW-HA favorece la divisidon, proliferacion y la migracién de células cancerosas ademas
del reclutamiento intratumoral de fibroblastos y macréfagos asociados a tumores; el LMW-HA se
asocia con una mayor agresividad del tumor por la expresidon de citoquinas y proteasas que
remodelan el microambiente tumoral y; pequefios fragmentos de HA promueven la angiogénesis,
oncogénesis y acciones inmunosupresoras mediante la activacion de cascadas de sefializacién

fundamentales en el proceso de progresién del cancer.?867-70

El aumento de la sintesis de HA origina alteraciones en la matriz extracelular produciendo un
aumento de la turgencia y de la hidratacién de la misma. A su vez, se incrementa el espacio entre las
laminas de las fibras de colageno, produciendo la disminucién de la adhesion celular, el aumento de
la motilidad celular y asi, la invasividad de las células tumorales. Por tanto, las alteraciones que
tengan lugar en el metabolismo del HA durante el desarrollo del tumor, también produciran cambios
en el comportamiento y en las propiedades tumorales. Ademas, se ha visto que el HA participa en la
regulacion del proceso EMT de las células tumorales, proceso fundamental en la motilidad e invasion

de las mismas.®!

El HA forma organizaciones inter e intramoleculares, creando una capa viscosa adecuada para el
crecimiento tumoral y la metastasis. La matriz tumoral rica en HA, proporciona integridad
estructural, mantenimiento de la homeostasis, liberacién de factores de crecimiento, citoquinas y
nutrientes esenciales para el desarrollo y la proliferaciéon celular. En general, en condiciones
patoldgicas, este polimero va a favorecer la formacidon de un medio extracelular 6ptimo para la

expansion e invasion tumoral.®!

Principalmente, cuando interacciona con proteinas de la superficie celular, desempefia un papel
clave en cascadas de sefalizacidn intracelulares asociadas con el crecimiento del tumor, la adhesién

de células tumorales, neovascularizacién y metastasis.>®

En diversas patologias de cardcter inflamatorio, se ha relacionado el aumento de HA extracelular y
de sus oligdmeros parcialmente degradados con el desarrollo de inflamaciones y tumores

malignos.”%’* Por otro lado, se ha demostrado la asociacién entre niveles elevados de HA con
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prondsticos desfavorables de tumores de estdmago, ovario y colorrectal, entre otros. También se
han vinculado pardmetros patoldgicos y clinicos de agresividad del cancer de mama metastasico con

concentraciones elevadas de HA.>472774

Aunque es complejo el papel del HA en el cancer debido a que sus efectos a nivel celular dependen
de su tamaio y del entorno en el que se encuentre, se puede concluir que muchos efectos
protumorigénicos estan altamente relacionados con el mismo. Ademas, las enzimas involucradas en
su metabolismo también son de especial relevancia ya que influyen de manera significativa en el

comportamiento del HA en la célula.”®

Como ya hemos comentado anteriormente, el HA pueden interaccionar con distintos tipos de
proteinas, que se denominan hialadherinas. Cuando el HA se une a estos receptores se activan una
serie de vias de sefalizacion que desencadenan procesos de proliferacion, motilidad celular,
diferenciacion, degradacion e internalizacién del HA en la célula.?® Entre los principales receptores a
los que se une el HA se encuentran; el receptor CD44 (su principal receptor y del que hablaremos en
la siguiente seccion), el receptor de motilidad mediado por HA (RHAMM), receptores de tipo Toll
(TLR2 y TLR4), receptores de HA endotelial de los vasos linfaticos (LYVE1), la proteina del gen 6
inducible por el factor de necrosis tumoral (TSG6), otras proteinas y glicoproteinas de la superficie

de la membrana plasmética o del plasma sanguineo.?!

1.3. Hialadherinas

Las funciones del HA estan mediadas a través de diversas hialadherinas que presentan diferencias
significativas en su expresion tisular, localizaciéon celular y regulacién, asi como en la afinidad y
especificidad por el HA.%” Algunas hialadherinas como el CD44 o LYVE1 estdn asociadas con las
membranas celulares, mientras que otras, como TSG6 y otros receptores de adhesién se encuentran
en la matriz extracelular o en el citoplasma. La primera hialadherina que se descubrié fue RHAMM,
que se expresa en el citoplasma y en el nlcleo, también se puede encontrar expresada
transitoriamente en la superficie celular de leucocitos y fibroblastos, regulando la migracion vy
proliferacién celular mediada por el HA tanto en células normales como tumorales.”® Otros
receptores de la superficie celular, como los receptores TLR2 y TLR4, estdn involucrados en la
activacidn de las respuestas inmunitarias innatas al reconocer preferentemente oligosacaridos muy
pequefios derivados del HA resultantes de la infeccién por patégenos que actian como sefiales de

peligro para el organismo.””"’®

Las cadenas de HA son reconocidas por diferentes receptores desencadenando diversas respuestas

bioldgicas.* Las bases moleculares para entender el reconocimiento del HA por parte de estas
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proteinas es clave para comprender la biologia del HA y las diferentes posibilidades terapéuticas de

actuacion.

Estructuralmente, la mayoria de las hialadherinas contienen un dominio similar a la lectina de
aproximadamente 100 residuos llamado mddulo Link que es la regién por la que el HA se une a las
mismas. Entre las hialadherinas que contienen el mdédulo Link, se incluyen el receptor asociado a la
membrana LYVEL1 que se expresa en el endotelio de los vasos linfaticos y esta implicado en la
degradacion de HA y en el trafico de células dentro de los vasos y ganglios linfaticos.” Este médulo
Link también lo incluye TSG6, la hialadherina mas pequefia que es secretada en la matriz extracelular
en respuesta a estimulos inflamatorios.®® TSG6 también puede unirse covalentemente al HA
mediante un mecanismo independiente del mddulo Link favoreciendo la formacién de complejos
filamentosos periddicos que promueven la adhesidon de leucocitos.®! Algunas hialadherinas, como
por ejemplo RHAMM, carecen del mddulo Link pero contienen el motivo BX;B que se cree que es el
sitio por donde interactian con el HA y median la migracién y proliferacién celular en muchas células

normales o tumorales.®?

1.4. Receptor CD44

El CD44, que también presenta el mddulo Link, es la hialadherina mds caracterizada, tanto
estructural como funcionalmente. Es una glicoproteina transmembrana codificada por un Unico gen
que se expresa en la superficie de un amplio abanico de tipos celulares (entre las que se incluyen las
células epiteliales, inmunitarias como macroéfagos o leucocitos y las del endotelio vascular, entre
otras) en una variedad de isoformas diferentes. También se puede encontrar como proteina soluble
en los fluidos corporales tras haber sido escindida de la membrana celular. La isoforma que se

exprese y el tipo de célula dictan las propiedades de unién del CD44 al HA 88

Es el principal receptor de unién al HA y es una molécula multiestructural y multifuncional que
participa, entre otras, en interacciones célula-célula y célula-matriz extracelular, en la migracion
celular, y en la presentacidén de factores de crecimiento/citoquinas/quimioquinas para coordinar

sefiales que permitan que las respuestas celulares cambien en el entorno tisular.®

1.4.1. Estructura proteica del CD44

Estructuralmente, el CD44 estd formado por cuatro regiones: dominio extracelular, extracelular

préximo a la membrana, transmembrana y citoplasmatico (Figura 6).
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El dominio extracelular o extremo N-terminal de la proteina contiene una secuencia muy conservada
en vertebrados (~85% de homologia) que consta de seis cisteinas que forman tres enlaces disulfuro,
varios sitios de N y O-glicosilacion y el médulo Link, la regién que tiene en comun con las demas
hialadherinas. Este dominio también recibe el nombre de sitio de unién al HA (HABD, acrénimo del
inglés hyaluronan binding domain) y es la zona de unidén a los ligandos en todas las isoformas del
receptor. En la seccidén 1.4.5. se expone de forma detallada la estructura del CD44-HABD vy los

residuos clave en la unién con el HA.

Proximo a la membrana, se encuentra una regién extracelular que contiene una secuencia no
conservada (~35% de homologia entre especies de mamiferos) que consta de sitios susceptibles
tanto para la union de carbohidratos como para el corte y empalme “splicing” alternativo de los
exones del gen (proceso de regulacion de la expresidn génica de las células eucariotas por el que se
obtienen diferentes proteinas a partir de un Unico gen). Es la regiéon donde se encuentran los exones

variables y tiene un papel importante en la determinacion de las propiedades de unidn a la proteina.

El dominio transmembrana sirve de plataforma de formacion del CD44 y de unién de cofactores,
receptores, quinasas y proteinas adaptadoras. Esta region tiene una homologia de un 100% con

otras especies de mamiferos.

Por ultimo, el dominio citoplasmatico (~85% de homologia entre especies de mamiferos) es la regién
intracelular que contiene el extremo C-terminal de la proteina y a través de ella, el CD44
interacciona con ciertas proteinas citoplasmdticas. También sirve de plataforma de unidn de diversas
proteinas citoesqueléticas como la anquirina, que al interaccionar con el CD44 produce la activacion
de diversas cascadas de adhesidn y proliferacion celular. Ademas, esta region contiene una sefial de
localizaciéon nuclear que permite la escisién de CD44 de la membrana y su translocacién al nucleo. En
general, esta parte de la proteina esta involucrada en dos tipos de funciones: (i) las relativas a
cambios en la afinidad por su ligando vy (ii) las consecuentes tras la unién del ligando a la misma que

regulan eventos intracelulares posteriores (Figura 6).838486.87
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Figura 6. Estructura del CD44. El CD44 puede tener dos isoformas, la estandar (CD44s) y la variante (CD44v).
Tiene cuatro dominios bien diferenciados, el HABD extracelular (sitio de unién del HA), la region extracelular
proxima a la membrana que es la region variable (representada en rosa) y que solamente esta presente en la
isoforma CD44v, el dominio transmembrana y el dominio citoplasmatico que contiene el extremo C-terminal
de la proteina. En naranja y verde estan representados los multiples sitios de O y N-glicosilacion,
respectivamente.

1.4.2. Gen CD44 e isoformas estandar y variantes

El gen CD44 (Figura 7A) se localiza en el brazo corto del cromosoma 11 y esta formado por 20 exones
que determinan la naturaleza de cada uno de los cinco dominios estructurales en los que estan
agrupados.?” El primer dominio contiene los exones 1-5 que codifican para el CD44-HABD, encargado
del reconocimiento y de la unidn proteina-ligando. El segundo dominio contiene los exones 6-15 que
codifican para la regidn extracelular variable de la proteina y que sufre splicing alternativo; el tercer
dominio contiene los exones 16 y 17 que codifican para la regidn extracelular constante proximal a la
membrana de la proteina; el cuarto dominio contiene el exén 18 que comprende el dominio
transmembrana hidrofébico y; el quinto dominio incluye los exones 19 y 20 que codifican para la
cola citoplasmatica que puede sufrir splicing alternativo y poseer varias longitudes provocando la
interaccion con diversas proteinas presentes en el interior celular o modulando sefales

intracelulares.8%888
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Figura 7. (A) Estructura del gen CD44. Consta de dos regiones, la estandar que engloba los exones en negro (1-
5 y 16-20) y la region variable que contiene los exones en rojo (6-15). Los exones 1-17 codifican para el
dominio extracelular, el exén 18 para el dominio transmembrana y los exones 19-20 expresan el dominio
citoplasmatico. Dentro del dominio extracelular, los exones 1-5 codifican para el CD44-HABD o sitio de unién a
ligandos. El extremo N y C-terminal lo codifican los exones 1 y 20 respectivamente. (B) Estructura génica de
algunas de las isoformas mds importantes de CD44; CD44s, CD44v3, CD44v6, CD44v9 y CD44v8-10. La isoforma
estandar carece de la region variable, mientras que las isoformas variantes contienen las regiones estandar
mas uno o mas exones variables insertados mediante splicing alternativo.

Podemos dividir el gen en dos regiones dependiendo de su variabilidad (Figura 7A), la region
estandar o constante que engloba los primeros cinco exones (1-5) y los cinco ultimos (16-20) que
siempre van a codificarse juntos dando lugar a la isoforma mds corta del CD44, la CD44s y la regién

variable (exones 6-15), que codifica la isoforma CD44v, ya sea por la unién de un Unico exén o la

combinacién de varios entre la regidn estandar (Figura 6).%¢

Todas las isoformas contienen la forma CD44s cuyo ARN mensajero (mRNA, acrénimo del inglés
messenger RNA) carece de exones variables. Especificamente, el primer exdon codifica la secuencia
de seinal para la regidon N-terminal en el dominio extracelular, en los exones 2 y 3 se encuentra el
mddulo Link y los exones 4, 5, 16 y 17 codifican una regidn préxima a la membrana. Por ultimo y
como ya se ha comentado previamente, el exdn 18 y el 19-20 codifican el dominio transmembrana y
la regiédn C-terminal citoplasmatica, respectivamente.®® La isoforma CD44s se encuentra en la
mayoria de células de vertebrados y se expresa tanto en células normales como tumorales. El CD44s
esta asociado a procesos de crecimiento tumoral en cancer de pancreas y a procesos de progresion

celular en cancer de mama, entre otros.8%°°
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Como resultado del splicing alternativo de exones, existen varias isoformas de CD44v (v1-v10) que
contienen uno o mas exones variables (Figura 7A,B).! Se pueden originar diversas combinaciones de
los exones variables modificando el patrén de splicing alternativo llevado a cabo por las células, esto
supone que dependiendo de sus necesidades, las células pueden producir unas u otras isoformas. Al
igual que poseen una gran diversidad desde el punto de vista estructural, las isoformas de CD44
también son muy diversas a nivel funcional y van a presentar una distribucién mds restringida en
comparacion a la isoforma estandar.®® Estdn presentes en queratinocitos, linfocitos activados,
macrofagos y algunas células epiteliales; por ejemplo, CD44v8-v10 esta presente en células

epiteliales y CD44v3-v10 en queratinocitos.®

Las isoformas CD44v se expresan Unicamente bajo ciertas condiciones especificas, especialmente en
distintos tipos de cancer en estados avanzados, ya que su regulacién parece depender en parte de
sefiales oncogénicas.’? También actlian como co-receptores para promover la supervivencia celular
de las células tumorales y la quimiorresistencia.”® Ademas, las isoformas CD44v son un marcador de
superficie de las CSCs, razén por la cual sirven como objetivo terapéutico para muchos tumores, sin
embargo, el valor prondstico de las isoformas CD44 varia segln el tipo de cancer. Entre las isoformas
CD44v, la CD44v6 han demostrado tener un papel crucial en la progresiéon del cancer de pancreas,
colon y de préstata debido a su capacidad para unirse al factor de crecimiento de los hepatocitos, la
osteopontina y otras citoquinas clave producidas en el microambiente tumoral.®** Otras isoformas
como, CD44v2, CD44v3, CD44v5, CD44v9, CD44v10 y CD44v8-10 también han demostrado tener un
papel importante en diferentes tipos de cancer. Por ejemplo, CD44v3 estd relacionada con el
carcinoma de células escamosas de cabeza y cuello, CD44v5 con el cdncer de pancreas y CD44v8-10
se encuentra altamente expresada en los tumores gastricos y de mama. Por otro lado, la expresién
de CD44v9 en el cancer gastrico primario temprano es un marcador prondstico de recurrencia y la
existencia de células cancerosas circulantes positivas para CD44v9 suele estar relacionada con la
enfermedad refractaria, la recidiva y la reduccién de las tasas de supervivencia en el cancer

colorrectal .82

1.4.3. Modificaciones postraduccionales y otros ligandos de CD44

La diversidad estructural del CD44 puede verse ampliada debido a modificaciones postraduccionales
gue modulan la afinidad del receptor por sus ligandos, entre las cuales se incluyen: N-glicosilacién,
O-glicosilacidon y unidon de GAGs en el dominio extracelular, palmitoilacién en la region C-terminal
proxima al dominio transmembrana, fosforilacion y sulfatacion en el dominio citoplasmatico.
Igualmente, CD44 sufre un proceso proteolitico por accion de enzimas metaloproteinasas, que

resultan en fragmentos bioldgicamente activos de modo que, CD44 puede existir en 3 formas
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distintas: receptor transmembrana, fragmento asociado a la matriz extracelular y fragmento soluble
capaz de translocarse al nucleo y regular la transcripcidon génica de proteinas involucradas en el
desarrollo del cancer. Cuando el CD44 es escindido de la superficie celular, puede pasar a la
circulacidn sistémica provocando un incremento de la motilidad celular, invasién y progresion
tumoral. La expresién de la forma soluble de CD44 se encuentra aumentada durante procesos

inmunoldgicos y de diseminacion tumoral.%>%®

Algunas de estas variaciones como las glicosilaciones pueden ser de vital importancia, ya que estan
consideradas como reguladoras de la unién entre el CD44 y el HA. En general, a mas nivel de
glicosilaciéon en la proteina, menor capacidad de uniéon a las cadenas de HA (menor activacion). Este
proceso también esta involucrado en el inicio de la transduccién de seiiales al facilitar el ensamblaje
de CD44 con receptores de quinasas y factores de crecimiento. Por otro lado, la fosforilacion de
determinados residuos de serina en el dominio citoplasmdatico también es clave en la transicién del
estado inactivo a activo de la proteina. Este receptor de membrana, ademas de encontrarse
constitutivamente activo o inactivo y, por lo tanto, apto o no apto para unirse al HA, puede
encontrarse en estado inducible, en el que la uniéon con el HA no ocurre sin la intervencion de
factores inductores como citoquinas o anticuerpos. Los estimulos inflamatorios y/o cancerigenos
normalmente causan la activacidon del CD44 mientras que en condiciones fisiolégicas normales, el

CD44 se encuentra en reposo (forma inactiva) (Figura 8).586:97:%8
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Figura 8. Estados en los que se puede encontrar el CD44: inactivo, modo de reposo en el que no se produce la
unién al HA; inducible activo, se produce la unién al HA tras la actuacién de estimulos externos como
anticuerpos o citoquinas; y constitutivamente activo, se produce la unién al HA sin necesidad de agentes
externos. Normalmente, este Ultimo estado esta asociado a las células tumorales o células asociadas a otras
situaciones patolégicas como la inflamacidn.

Entre los diversos ligandos del CD44 se encuentran el condroitin sulfato, el colageno, la fibronectina,
el fibrinégeno, la heparina y la osteopontina, todos ellos GAGs. Sin embargo, el sustrato principal
para este receptor de membrana es el HA, siendo necesario que el polimero, al menos, posea seis
unidades de monosacdrido para conseguir una unién efectiva al sitio. Ademds, el HA puede

interaccionar con varios receptores al mismo tiempo en funcion de la longitud de su cadena,

haciendo que los fragmentos mas largos de HA tengan una unién mas efectiva con su receptor.®”.%
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Las isoformas variables del CD44 difieren en el tamafio de los sitios potenciales de glicosilacién en la

regidn proximal de la membrana y en el tipo de GAGs a los que se pueden unir.%’

1.4.4. Funciones fisioldgicas y patolégicas de CD44

El CD44 tiene un rol fundamental en la fisiologia y patologia del organismo debido a su unidn a
multiples ligandos tanto extracelularmente, en la membrana plasmatica como a través de su
dominio intracelular. Su variabilidad estructural y funcional también son claves en la modulacién de

sus funciones.®®

La proteina en su forma estandar tiene un papel importante en numerosos procesos fisioldgicos,
como la adhesidn, proliferacion y migracidon celular, el desarrollo de érganos, las funciones inmunes,
la hematopoyesis, la angiogénesis, la liberacidén de citoquinas, la activacién y migracion de linfocitos
a los ganglios linfaticos y la metabolizacién del HA (participa en su unidn, internalizacion vy

degradacidn, siendo parte del proceso de continua renovacién del polimero).8493:100.101

Ademas, el CD44 interviene en la transduccidon de sefiales al interactuar con distintas proteinas
guinasas y otros mensajeros secundarios. El splicing alternativo que sufren los exones que codifican
el dominio citoplasmatico de la proteina origina isoformas con diferentes funciones de transduccion
gue pueden estimular la liberacién de factores de crecimiento determinados o alterar la proteina G.
En concreto, el CD44 en su forma activa interactua con la proteina tirosina quinasa Src y el inhibidor
de disociacion de guanosin difosfato (GDP, acronimo del inglés guanosine diphosphate) Rho; regula
la actividad de Rho a través de la unidn alternativa a las proteinas ezrina, radixina y moesina (ERM)
fosforiladas o merlina desfosforilada y; CD44 citoplasmatico activa la transcripcién génica a través

del coactivador transcripcional CBP/p300.1%2

Por otro lado, la expresién anémala de CD44 y su interaccidn con el HA estimulan los procesos de
proliferaciéon, adhesidn, migracidn e invasion celular, desencadenando angiogénesis y progresion
celular 868899100 | 5 gngiogénesis implica la creacién de nuevos vasos sanguineos que se expanden a
partir de preexistentes. Esta neovascularizacion desencadenada por la interaccién del CD44 con el
HA, se ve potenciada con los efectos del factor de crecimiento endotelial vascular (VEGF, acronimo
del inglés vascular endothelial growth factor), el factor de crecimiento de fibroblastos (FGF,
acrénimo del inglés fibroblast growth factor), la angiopoyetina, el factor de crecimiento derivado de
plaguetas (PDGF, acrénimo del inglés platelet derived growth factor) y el factor de crecimiento
transformante beta (TGF-B, acrénimo del inglés transforming growth factor 8) contribuyendo a la

formacién de tumores en multiples tipos de cancer 888
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Ademas, en condiciones patoldgicas se promueve el splicing alternativo y las modificaciones
postraduccionales que dan lugar a isoformas del CD44 con mayor capacidad de unién al HA, lo que
conduce a un aumento de la tumorigenicidad.® Estos eventos son concomitantes a una produccién
excesiva de HA, que se asocia, a su vez, con un aumento de la agresividad tumoral y un mal

pronéstico de la enfermedad.

Como hemos visto previamente, la alta expresién de las isoformas de CD44 se relaciona con diversos
tipos de cancer. Hay que destacar la isoforma CD44v6 ya que es la mas estrechamente relacionada
con la progresiéon tumoral. Una sobreexpresién de la misma potencia la adhesion de células
cancerosas y leucocitos, facilitando la extravasacidon e infiltraciéon leucocitaria que acelera la
angiogénesis y agrava la progresidon del cancer y su metdstasis. Esta isoforma también se encuentra
asociada a la activacién de cascadas de sefializacion que aumentan la concentracion de factores pro-
inflamatorios. CD44v6 se relaciona con un pobre prondstico en muchos tipos de cancer, entre los
gue se encuentran el carcinoma colorrectal, el carcinoma intraductal, el adenocarcinoma géstrico y
los canceres de préstata, pancreas, mama, cabeza y cuello. Esta variante es ampliamente conocida

como un marcador predictivo de metéstasis en el cancer de colon y de pancreas.8103-105

Se ha identificado una sobreexpresion de CD44 en la superficie de las CSCs que son esenciales en el
origen de la transformacién maligna y la formacidén de nuevos tumores en dreas metastésicas.%%107
Ademads, este receptor actua regulando la EMT, relacionada con la modulacién del inicio y desarrollo

de los tumores.1®

Las células tumorales que circulan a través de la sangre expresan diversos receptores de superficie
celular del HA como el CD44, que les permite poder unirse a las células endoteliales. Sin embargo, el
HA circulante puede saturar sus receptores, generando una incapacidad por parte de las células
tumorales para adherirse al endotelio. De esta forma se trasladan por el organismo ocasionando
metdstasis.’! Es frecuente detectar el CD44 sobreexpresado en su forma soluble en el suero de
pacientes con cancer, lo que le hace ser un marcador potencialmente interesante para el prondstico
de diferentes tipos de cancer como cdncer de mama, pancredtico, colorrectal y pulmén.
Normalmente se asocia a un estado avanzado del tumor y a un prondstico desfavorable para el

paCiente 95,108-110

Asimismo, la supresion del receptor CD44 en ratones modificados genéticamente implica una
atenuacién de la angiogénesis, crecimiento tumoral y metastasis en distintos tipos de cancer. El
empleo de anticuerpos anti-CD44 ha demostrado bloquear la formacién de nuevos vasos sanguineos

in vivo y la morfogénesis vascular in vitro.
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A pesar de que es un receptor muy sensible a los cambios en el microambiente con
comportamientos duales, el impacto clinicopatolégico del CD44 y sus isoformas en el desarrollo de
tumores hace que sea una buena diana para la terapia contra el cancer, asi como un importante

marcador de su prondstico en la mayoria de los cdnceres humanos.2®

1.4.5. Biologia estructural del CD44-HABD

Como hemos visto, todas las isoformas de CD44 incluyen un ectodominio funcional constante en el
extremo N-terminal que sirve de unién para los ligandos, el HABD (Figura 9A). En esta seccion
vamos a detallar estructuralmente este dominio dada su importancia a nivel quimico, ademads de
que esta regidn por si sola es suficiente para la unién del HA independientemente del resto de la

estructura del CD44 34111

Bolsillo de unién
al HA

(A) (B)

Médulo
) Link

B a3

Figura 9. Estructura del CD44-HABD. (A) Estructura tridimensional con superficie del CD44-HABD murino en
complejo con un octosacarido de HA (HAs) (representado en rojo) donde se puede observar el bolsillo de unién
al HA. (B) Estructura secundaria tridimensional del CD44-HABD humano donde se representa el médulo Link,
las ldminas B en amarillo, las hélices a en rosa y los bucles “loops” en blanco.

Gracias a los avances en biologia estructural, se conoce la estructura del CD44-HABD vy su interaccién
con el HA.112113 Se ha demostrado que el CD44-HABD expresado y replegado recombinantemente es

capaz de unirse al HA con una afinidad similar a la del ectodominio glicosilado del CD44 purificado de

las células eucariotas.*?

La estructura cristalina del CD44-HABD humano confirma que incluye el médulo Link — un pliegue
0/B conservado que consta de dos laminas B antiparalelas de triple cadena y dos hélices a,

estabilizadas por un par de enlaces disulfuro. Ademas, esta estructura contiene secuencias
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adicionales que proporcionan un puente disulfuro, una hélice a y varias ldminas B adicionales que

forman el CD44-HABD completo (Figura 9B).1?

Las estructuras CD44-HABD murina y humana comparten la misma forma y plegamiento. CD44-
HABD murino comparte un 86% de homologia con la secuencia de la proteina humana, y un 90% de

homologia con la secuencia del médulo Link.'*3

La forma de unién del HA con el CD44-HABD se determiné al cristalizar un complejo del CD44-HABD
murino con un HAg. El complejo identifica un sitio de unién al HA extendido a través de un surco
poco profundo (Figura 9A) unido por los loops B2-al, a2-p3 y B4-B5.112113 E| surco de unidn
comprende dos residuos basicos (Argd5 y Arg82) y varias cadenas laterales hidrofdbicas (lle92,
lle100-Alal103, Tyrd6, Tyr83 y Tyr109) en la cara frontal del mddulo Link que se unen al oligosacarido
mediante la formacién de enlaces de hidrégeno o interacciones de van der Waals.'** El andlisis de la
interaccion en el complejo reveld que el sitio de reconocimiento central es la region GIcUA5-GIcNAc6
(GIcUA en la posicién 5 a través de GIcNAc en la posicidn 6). El cambio conformacional de Arg45 y
Arg82 crea una hendidura mas profunda que esta involucrada en el reconocimiento del HA (Figura
10). Interacciones hidrofébicas de 1le100 y un puente disulfuro de Cys81 y Cys101 también actlan
reconociendo a GIcUA5 y GIcNAc6. Diversos residuos alifaticos, junto con los hidroxilos de tirosina,
presentan interacciones especificas que favorecen la unién de GIcUA7 y GIcNAc8.13115 Otros
estudios posteriores han encontrado que los residuos Argl150, Argl54, Lys158 y Argl62 también

contribuyen a la unién del HA. 114116

Figura 10. Estructuras tridimensionales superpuestas del CD44-HABD murino antes y después de la unidn del
HAg. Se muestran algunos de los residuos clave que modifican su conformacion al unirse el polisacarido (Arg45,
Arg82 y Glu41). En azul se representan los residuos cuando la proteina no estd unida al HA, mientras que en
verde se muestran los residuos tras la unién del HA (rojo). El cambio conformacional de los residuos
mencionados favorece la creacion de un bolsillo éptimo para reconocer e interaccionar con el HA.
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La afinidad de CD44-HABD por el HA se ve reforzada por el cambio conformacional alrededor del
loop B2-aly el dominio C-terminal !> E| Joop B2-al centrado en Arg45 se ajusta en movimiento
con los residuos Glu4l, Asn43, Gly44 y Arg82 para crear mas interacciones directas con el
polisacarido. Un cambio en Arg45 ha sido propuesto como la principal diferencia entre el estado
abierto y cerrado de CD44 inducido por la unién del HA (Figura 10). La resolucion estructural del
complejo CD44-HABD con HAg sugiere que el CD44-HABD cambia su conformacién de ordenada a ser

parcialmente desordenada tras la unién del HA 113117-119

En general, podemos decir que el complejo murino CD44-HABD-HAg revela un sitio de unién al HA
extendido con un area superior a 800 A2 y una unién molecular estabilizada por un gran nimero de

interacciones que involucran al menos siete unidades de sacarido consecutivas de HA.'*3

Desde un punto de vista estructural, el CD44-HABD parece carecer de bolsillos bien formados o
profundos que puedan servir como sitios de unién atractivos para pequefios inhibidores. El hecho de
gue experimente importantes cambios conformacionales al unirse el HA lo hace ser una compleja

diana terapéutica.!®®

A pesar de todo ello, gracias a toda la informacién molecular y estructural que se conoce a dia de
hoy, el CD44-HABD es una diana atractiva para el desarrollo de moléculas pequefias inhibidores de la

unién con el HA.

1.5. Interaccion HA-CD44

Como ya hemos mencionado, la interaccion entre el HA y el CD44 esta implicada en un diverso
numero de procesos fisioldgicos y patoldgicos, como la embriogénesis, morfogénesis, activacion de
la respuesta inmune innata, sintesis e internalizacién del HA en la célula, angiogénesis, migracion
celular, proliferacidn, inflamacién y cancer. Estos procesos se desarrollan al producirse la activacion

de numerosas cascadas de sefializacion intracelular a partir de la unién del HA al CD44.8%%°

La interaccion HA-CD44 es fundamental para la extravasacion de linfocitos T activados desde el
torrente sanguineo hasta zonas inflamadas durante un proceso multietapa. Una activacién anormal
de las cascadas de seializacidn debido a la interaccion HA-CD44, asi como una expresién y una
regulacion inadecuada del CD44 debido a factores pro-inflamatorios, pueden agravar cuadros de
inflamacién aguda y favorecer transformaciones malignas mediante fendémenos de proliferacién y
migracion celular. Ademas, la unidn entre el CD44 sobreexpresado y el HA en las CSCs produce

sefiales para iniciar su autorrenovacion y, en consecuencia, su multiplicacign,12%12!
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En el origen de las cascadas de sefializacidon intracelulares, tiene un papel clave la fosforilacion del
dominio citoplasmatico de CD44. Los sitios de fosforilacion se encuentran activados cuando los
ligandos se unen para transducir la sefializacion y seleccionar sus efectores descendentes. Estas
interacciones y modulaciones generan multiples funciones celulares, como la activaciéon del
citoesqueleto, la adhesidn de las células tumorales, el crecimiento, la migracién y la invasion, que

conducen a la progresion tumoral y a la angiogénesis.?®*2

Aunque existe mucha informacion sobre los eventos de sefializacion desencadenados por la
interaccion HA-CD44, no se conocen con total precisién todas las reacciones que se producen. El
conocimiento de la interaccidén del HA con sus receptores y los mecanismos que desencadenan son

de gran interés en el desarrollo de moléculas que inhiban dicha interaccién.

Algunos estudios indican que este receptor no quinasa podria dar lugar a balsas lipidicas que
reunirian varios receptores, provocando las cascadas de sefializacién, mientras que otros sugieren
que la unién del HA con el CD44 genera una barrera de senalizacidn al limitar el acceso del ligando y
la difusion del receptor a través de la membrana. Por otro lado, diversos estudios han demostrado
que el grado de fragmentacién del HA es clave en el desarrollo de unas u otras cascadas de

sefializacion.?®123

Desde el punto de vista de la interaccidn proteina ligando, esta glicoproteina presenta tres tipos de

accion molecular:

- Puede mediar como un receptor de adhesion interaccionando con componentes solubles
extracelulares y con la matriz extracelular. Estas interacciones pueden resultar en una
sefializacion intracelular y promover respuestas celulares, o bien, pueden representar funciones
adhesivas pasivas. EI CD44 también puede servir como proteina de superficie que une enzimasy
sustratos, favoreciendo, por ejemplo, la activacion de factores de crecimiento y degradacién de

componentes de la matriz extracelular.

- Puede actuar como co-receptor que media la sefializacién de receptores de tirosina quinasa,
como c-Met, el receptor del factor de crecimiento epidérmico (EGFR, acrénimo del inglés

epidermal growth factor receptor) y otros receptores de la familia ErbB.

- Puede ejercer como conector entre la membrana plasmatica y el citoesqueleto de actina

mediante su unién con las proteinas ERM.%
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1.5.1. Vias de sefializacion y eventos regulados por la interaccién HA-CD44

El HA interactia de forma multivalente con el CD44 para inducir y/o estabilizar dominios de
sefializacion en la membrana plasmatica. La unidn del HA al CD44 origina una interaccién directa o
indirecta de CD44 con diversos receptores de sefializacién, entre ellos; los receptores tirosina
quinasa ErbB2, EGFR o c-Met; otros receptores de sefializacién como el receptor TGF-B y; quinasas
no receptoras de la familia Src o proteinas de la familia Ras. Estos receptores impulsan diversas vias
de sefializacién oncogénicas, como por ejemplo la via de las proteinas quinasas activadas por
mitégenos (MAPK/ERK, acronimo del inglés mitogen-activated protein kinases/extracellular signal-
regulated kinases), la via fosfatidilinositol-3-quinasa (PI3K/AKT, acrénimo del inglés phosphoinositide
3-kinase) y la via de la quinasa de adhesion focal (FAK, acronimo del inglés focal adhesion kinase),
que estimulan y promueven la proliferacién, adhesién, supervivencia, motilidad, invasividad,
quimiorresistencia, angiogénesis y cambios metabdlicos de las células tumorales.*86:190124 proteinas
adaptadoras como Vav2, Grb2 y Gabl intervienen en la interaccion de CD44 con efectores como
RhoA, Racl y Ras, que impulsan las vias de sefializacidn intracelular anteriores. Se ha demostrado
que ErbB2 probablemente forma complejos con CD44 a través de interacciones con Grb2 y Vav2,

mientras que la interaccion de PI3K y CD44 estd mediada por Gab1 (Figura 11).4%:100
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Figura 11. Principales vias de sefializacién en las que esta implicada la interaccion HA-CD44. Entre las distintas
vias de sefializacion se encuentran, las relacionadas con proteinas quinasas, cambios en el citoesqueleto, vias
intracelulares, transportadores y otros factores de transcripcién. Como consecuencia de la activacién de estas
cascadas de sefializacion tienen lugar procesos patoldgicos como la angiogénesis, cambios metabdlicos,
adhesién, proliferacién y migracidon tumoral, metastasis y resistencia a los tratamientos farmacolégicos y a la
apoptosis celular.
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La unién del HA al CD44 estimula el desarrollo de tumores quimiorresistentes. Esta interacciéon
aumenta la expresion de genes de resistencia a multiples farmacos (MDR1, acréonimo del inglés
multidrug resistance protein 1) a través de la activacién de la via PI3K. Los efectos estimulantes de
PI3K se deben principalmente a su activacidn por retroalimentacion positiva de la produccion de HA.
En concreto, se ha estudiado la variante CD44v8-v10 cuya expresion aumenta la sintesis de glutation
y la capacidad de defensa frente a ROS y la variante CD44v16 que produce un aumento de la
expresién de los genes p65, Bcl2 y Snail, que favorecen la resistencia del tumor frente a la
guimioterapia. Se ha descrito que la proteina MDR1 estd asociada con CD44 en los microdominios
lipidicos y se puede unir a través de CD44 con el citoesqueleto de actina, de modo que la expresion

de CD44 y MDR1 se regula de forma concomitante. 1257127

Por otro lado, la interaccién HA-CD44 interviene en la inhibicidon de la muerte celular, en concreto el
HA al interaccionar con las variantes CD44v6 y CDC44v9 activa TGF-B, osteopontina y el factor de
crecimiento similar a EGF de unidn a heparina (HBEGF, acrénimo del inglés heparin-binding EGF-like
growth factor) e inhibe Fas, mientras que la interaccién con CD44v7-v10 inhibe la apoptosis a través
de la disminucién de la expresion de p53.4+8%°1 E| complejo CD44v6-ErbB2 activado por la unidn del
HA proporciona una fuerte resistencia a la apoptosis, a través de la estimulacién de la transcripcién
de la ciclooxigenasa 2 (COX2) mediante PI3K y B-catenina. La prostaglandina E2 producida por la

COX2 estimula la sefalizacidn de HA-CD44.%°

La interaccion entre el HA y el CD44 puede inducir, en las células tumorales, la expresidn y activacion
de varias enzimas degradadoras de la matriz extracelular pertenecientes a la familia de las MMP y
ademas, aumentar la expresién del activador del plasminégeno de tipo uroquinasa (uPA). Esta
regulacion tiene un papel importante en el comportamiento de las células tumorales, permitiendo la
degradacion de los componentes de la matriz, la invasion y la metastasis, y también promoviendo la
angiogénesis durante la progresion del tumor. La escisién intracelular de CD44 en la superficie de las
células tumorales por accion de las MMP puede originar la translocacidn del producto citoplasmatico
al ndcleo y producir la activacion de la transcripcion y de esta manera, provocar un aumento de su
propia expresién contribuyendo a una mayor motilidad. Esto provoca invasion y progresion tumoral,

ya que el CD44 escindido pasa a la circulacidn sistémica 8586100122

En otros casos, las modificaciones postraduccionales presentes en las regiones variantes de CD44,
como por ejemplo, cadenas de heparan sulfato, unen factores de crecimiento regulatorios vy
producen la autofosforilacién y activacién de receptores tirosina quinasa como c-Met, involucrados
en promover la invasién de las células tumorales mediante la activacion de las vias oncogénicas Ras,

PI13K, el transductor de sefial y activador de la transcripcién 3 (STAT3) y B-catenina.*>%°
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La interaccién HA-CD44 también puede modular la activacién de factores pro-angiogénicos como
VEGF, TGF-B, anfiregulina, endoglina y uPA contribuyendo a la division de células cancerosas, la
proliferacién y la angiogénesis patoldgica, otra de las principales caracteristicas del de desarrollo
tumoral. CD44 puede reclutar proteinas ERM y actuar como co-receptor para los receptores VEGFR2,

promoviendo la angiogénesis y la migracion celular 8100128

Ademads de su accidén como co-receptor o co-activador de moléculas de sefializacién asociadas a la
membrana, la interaccién HA-CD44 también induce cambios en la sefializacién celular y en el
citoesqueleto que promueven la movilidad e invasién celular, procesos involucrados en la EMT y en
la metastasis. En este caso, los filamentos de actina se unen a la cola citoplasmadtica de CD44 a través
de miembros de la familia ERM o anquirina, proteinas que fomentan la activacién del citoesqueleto,
lo que favorece diversos efectos regulados por el HA como adhesién, proliferacion y migracion
celular. Los proteoglicanos y los factores asociados unidos al HA pericelular también pueden influir
en estas actividades. Ademas, la anquirina se encarga de la unién de CD44 al receptor inositol 1,4,5
trifosfato, favoreciendo la movilizacién del calcio intracelular y la modulacién de eventos de
adhesién y divisién celular. Es muy probable que la proteina supresora de tumores merlina actue
inhibiendo la interaccion HA-CD44 y desplazando las proteinas ERM de la cola citoplasmatica de
CD44. La inhibicién de merlina puede desencadenar la activacion de la unién de HA-CD44, lo que a

su vez conduce a la formacidn de los complejos de sefializacion mencionados anteriormente.4,86:100

El CD44 también estd relacionado con el cambio metabdlico producido en el cancer a consecuencia
del aumento de la demanda energética. La interaccién HA-CD44 promueve la localizacién de los
transportadores CD147 y monocarboxilatos 1 y 4 (MCT1 y 4) en la membrana plasmatica,
favoreciendo la excrecidn de lactato producido en gran cantidad por las células cancerosas debido al
efecto Warburg. El lactato acelera el crecimiento tumoral, promueve la angiogénesis y la metdstasis

y ademds, crea un ambiente dcido impidiendo la accién del sistema inmune.?8

En estas interacciones pueden estar involucradas tanto las isoformas CD44s como las CD44v, aunque
la variante particular depende del tipo de célula y de la etapa de progresion maligna. Los
mecanismos de regulacién de estas interacciones en diferentes tipos y etapas tumorales no se
comprenden con total exactitud a dia de hoy, pero la desregulacién generalizada que existe en las
vias de sefalizacidon de las células tumorales hace indicar que el funcionamiento anormal de la
interaccion HA-CD44 tiene un papel importante en ellas, a diferencia de otros procesos fisiolégicos
como el desarrollo embrionario o la inflamaciéon donde la interaccidn HA-CD44 suele tener un
funcionamiento normal. Una posible explicacion se puede atribuir al splicing alternativo desregulado

que las células tumorales sufren dando lugar a variantes de CD44 que promuevan eventos
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oncogénicos como la sefializacidn inapropiada de Ras, la unién de osteopontina, factores de

crecimiento del estroma o proteasas.*!

Muchos estudios indican que CD44 se localiza, al menos en parte, en microdominios lipidicos, y se
asocia directa o indirectamente con proteinas de sefializacién y transportadores. La mayoria de
estos estudios también muestran que CD44 se activa en estos dominios en respuesta a interacciones
con ligandos. Ademas, la endocitosis de HA y CD44 se produce a partir de estos dominios. Dada la
gran cantidad de vias afectadas por CD44, la posibilidad de que ocurran interacciones indirectas y
directas con una amplia variedad de efectores dentro de dichos dominios y que estos dominios sean
inducidos y/o estabilizados por interacciones multivalentes del HA con el CD44 proporciona un

campo importante en el que profundizar en investigaciones futuras.

Es importante resaltar que todos estos efectos tumorigénicos producidos por la interaccion HA-CD44
solo ocurren en el contexto del microambiente tumoral ya que en condiciones normales no se

activan las cascadas de sefializacion oncogénicas.*1%°

1.6. Papel del HA en la terapia contra el cancer

Se han utilizado diferentes estrategias terapéuticas que se centran en el papel que desempeiia el HA

en el microambiente tumoral.368>12°

1.6.1. Degradacion del HA por la accién de las HYALs

Estudios recientes respaldan el empleo de las HYALs como agentes antitumorales al degradar el HA
en los tejidos, impidiendo su interaccion con el receptor CD44. Ademas de demostrar en ratones una
importante reduccion en ciertos tipos de tumores, la sobreexpresion de HYAL revierte la resistencia

a multiples farmacos y produce cambios en el ciclo celular de los carcinomas quimiorresistentes.°

Ademas, gracias a la accién de hidrolizar el HA, estas enzimas actian disminuyendo la presién
intersticial del fluido y por tanto favoreciendo la difusién y absorcion de los agentes
guimioterapéuticos por el tejido tumoral. Su administracion junto con farmacos como la
gemcitabina ha demostrado mejorar la supervivencia y disminuir de manera significativa la carga

tumoral metastasica en modelos de cancer de pancreas.'®!
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1.6.2. Inhibiciéon de la sintesis del HA

Se ha demostrado que existe un circuito de retroalimentacién entre la sintesis del HA y la expresién
de sus receptores, de forma que la disminucion de HAS1 provoca una regulacidon negativa en la
transcripcién de CD44. Sin embargo, dado que las células expresan mds de una HAS, inhibir la
sintesis de HA empleando pequeiios inhibidores es un mejor enfoque que inhibir la expresion de
HAS. Un ejemplo es la 4-metilumbeliferona (4-MU) (Figura 12), un derivado cumarinico hidroxilado
en la posicidon 7 y con un grupo metilo en la posicién 4 que se encuentra de forma natural en la
manzanilla o el apio y que es conocida por sus propiedades fluorescentes, que permiten medir la
actividad enzimédtica.>® Esta molécula ha demostrado ademdas poder inhibir la sintesis del HA
mediante el agotamiento del GIcUA necesario para la accidon de las HASs y a través de la regulacion
negativa del mRNA de las HAS.13>133 |3 4-MU inhibe la sintesis del HA cerca de un 80% en lineas
tumorales de melanoma (A2058), mama (MCF-7 y MDA-MB-361) y ovario (SKOV-3) dando lugar a
una disminucidn significativa de la proliferacién, migracidon e invasiéon tumoral.’®* Esta molécula
también bloquea la produccién de HA en células de cancer de pancreas KP1-NL y disminuye la

metdstasis hepatica en ratones inyectados con células de cancer de pancreas.'®

N
HO o "0

Figura 12. Estructura quimica de la 4-MU.

1.6.3. Farmacos dirigidos por accion del HA

El paclitaxel, un fdrmaco antitumoral ampliamente usado para distintos tipos de tumores, presenta
un gran numero de efectos adversos debido a su poca selectividad. La administracion de HYTAD1-
p20, un conjugado de HA y del paclitaxel, disminuye el desarrollo tumoral y la metastasis, y ademas
mejora la solubilidad y la biodisponibilidad en vejiga y otros tipos de cancer en comparacion con el
paclitaxel convencional. En este caso, el HA actia como ligando para dirigir la accidn terapéutica

hacia las células tumorales con sobreexpresién de CD44.13¢

1.6.4. Inactivacion del HA

Pep-1, es un péptido disefiado y sintetizado mediante la tecnologia phage display que esta
constituido por 12 residuos de aminodcidos (GAHWQFNALTVR) y es considerado un inhibidor

especifico del HA al unirse selectivamente al mismo. La interaccion entre el HA y el CD44 expresado
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por las células de melanoma B16-F10 se ha visto bloqueada por completo por la accién de Pep-

1 137,138

1.6.5. Disminucién de la expresion de CD44

1.6.5.1. Terapia genética

La utilizacion de ARNs de silenciamiento (siRNAs, acrénimo del inglés silencing RNA) de CD44 inhiben
la expresidn post-transcripcional de CD44. Al utilizar este método para interrumpir la interaccion a
nivel celular se ha observado que los cambios fenotipicos que se producen solamente persisten
durante una semana debido a la falta de transferencia de siRNA, a la dilucién de la concentracidn de
siRNA después de cada division celular o a la falta de estabilidad de siRNA que hace que se limite su
uso en la inhibicién de la progresidn tumoral in vivo. Ademas, la dosis de siRNA no esta definida y la
induccion de respuestas por parte de la inmunidad innata es otro obstaculo que hace que el uso de
siRNAs como terapia no esté claro.® A pesar de estos inconvenientes han demostrado impedir la

progresion tumoral en modelos de cancer de colon.'*®

Otra estrategia genética es la utilizacion de ARN de horquilla corta (shRNAs, acrénimo del inglés
short hairpin RNA) en un vector de expresiéon con el fin de suprimir la expresion de genes
seleccionados.’®® Estos estudios han tenido como resultado una correlacién lineal entre los niveles
de expresion de CD44 y la actividad en las células. Sin embargo, no pudieron ser trasladados a

modelos in vivo debido principalmente a la induccién de la respuesta inmune.*°

1.6.5.2. Productos naturales

El compuesto zerumbone, un humuleno con una cetona (Figura 13A), disminuye la expresién de
CD44 inducida por EGF a través de la inhibicidn de la via STAT3, siendo un farmaco prometedor en
céncer de mama.'*! Otro producto natural, el glucésido verbascésido (Figura 13B) ha resultado
disminuir en gran medida tanto el crecimiento de células de glioblastoma como el desarrollo de
tumores intracraneales en un modelo de ratén con glioblastoma al reducir significativamente la

expresion de CD44.14?
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Figura 13. Estructuras quimicas del zerumbone (A) y del verbascésido (B).

1.6.6. Inhibicion de la interaccion HA-CD44

Como se ha descrito anteriormente la interaccién HA-CD44 inicia vias de transduccion de sefiales
que conducen al crecimiento de células tumorales, adhesion, migracién, invasidn, metdastasis y
angiogénesis, teniendo como consecuencia una progresién de tumores y un peor prondstico en
determinados tipos de cancer. Por lo tanto, la inhibicion de la interaccion HA-CD44 supone gran
interés desde el punto de vista quimico farmacolégico como diana antitumoral y presenta un

enfoque muy prometedor contra la tumorigénesis inducida por el HA,36:4051.8599

En consecuencia, en los ultimos afios varios estudios se han centrado en dilucidar los mecanismos
por los que ocurre la interaccion, en el cambio conformacional que lo acompana y en la bisqueda de

moléculas antitumorales cuya finalidad sea la unién a CD44 y la inhibicién de la interaccion HA-CD44.

1.6.6.1. Anticuerpos anti-CD44

Se han utilizado anticuerpos monoclonales contra CD44 que bloquean la unién al HA para investigar

el papel del CD44 en el reclutamiento de células inmunitarias!*

y han resultado producir una
disminucion de la hinchazén y de la inflamacién al inhibir la infiltracion de células inmunitarias.’** Un
estudio reciente ha mostrado que los anticuerpos anti-CD44 reducen la migracion celular del
musculo liso vascular inducida por HA y disminuyen la produccidn de citoquinas pro-inflamatorias y
ROS en ratones con lesiones a nivel vascular.}* Por otro lado, el uso de un inmunoconjugado
formado por bivatuzumab (anticuerpo monoclonal anti-CD44v6) y el farmaco mertansina (agente
antimitdtico) impide la progresidn tumoral en carcinomas de células escamosas de cuello y cabeza y
en el cadncer de mama metastasico, pero la toxicidad hacia las células sanas ha impedido que los
ensayos clinicos de fase | se completaran de manera favorable. El mecanismo de accidn de este

profarmaco se basa en la liberacién intracelular de la mertansina tras ser dirigida por el bivatuzumab

hacia las células tumorales con sobreexpresién de CD44,146-148
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Otros ejemplos de anticuerpos anti-CD44, IM7 y H4Cs, han resultado disminuir el potencial invasivo
en células de cancer de mama con un fenotipo mesenquimal y reducir el crecimiento y la metdstasis
de células tumorales pancreaticas, respectivamente.*®'° Por otra parte, en la leucemia linfocitica
crénica, el anticuerpo monoclonal especifico para CD44, RG7356, tuvo actividad citotéxica en células

B de leucemia mientras que en células B normales no mostrd toxicidad.>?

1.6.6.2. Proteinas de fusion

El desarrollo de proteinas de fusién compuestas por la regidon constante de inmunoglobulina G1
(IgG1) humana fusionada con el dominio extracelular de diversas variantes de CD44 han mostrado
reducir la unidn del HA al CD44 en estudios realizados en células de glioblastoma. Estas proteinas de
fusién han resultado inhibir significativamente el crecimiento tumoral y prolongar la supervivencia a

los tumores intracraneales en ratones.'*?

1.6.6.3. oHA

Pequefios oHA con menos de 10 unidades de disacaridos han demostrado interrumpir la interaccion
HA-CD44 mostrando accion antitumoral en diferentes lineas celulares. oHA inhiben la supervivencia
celular tumoral y las vias de proliferacién, motilidad e invasién celular, estimulan la muerte celular
por apoptosis y la expresidon del gen PTEN, un supresor tumoral que evita la agrupacién del CD44 en

p.133153-155 En |ineas celulares de

la membrana, bloqueando la interaccidn con los inductores de MM
linfoma, el tratamiento con oHA induce la apoptosis a través de la inhibicidon de la produccién de
fosfatidilinositol 3,4,5-trifosfato (PIP3, acrénimo del inglés phosphatidylinositol 3,4,5-trisphosphate)
y de la via de sefializacién PI3K/AKT.'>>15¢ En tumores malignos de la vaina nerviosa periférica, oHA
inducen la ruptura de los complejos de CD44 con proteinas transportadoras de drogas, y de esta
manera, actuan inhibiendo la funcién transportadora y disminuyendo la resistencia a farmacos
quimioterapéuticos como la doxorrubicina. Estas funciones las desarrollan al impedir la activacién de
CD44 tras la union del HA. En ensayos in vivo, la administracion de oHA inhibe el crecimiento de
varios tumores implantados como xenoinjertos. Ademas, oHA han resultado no tener toxicidad ni
ser inmunogénicos por lo que pueden ser considerados buenos adyuvantes en la
quimioterapia.®*'> Respecto a distintos tipos de células de carcinoma de ovario primario, oHA
reducen la actividad de los transportadores de drogas e inhiben la tumorigénesis al evitar la

asociacion de los transportadores y de receptores tirosina quinasas con el CD44 en la membrana

plasmatica.’>
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Otros enfoques estudiados incluyen oligosacaridos modificados basados en el HA como inhibidores
de la interaccién HA-CD44, han mostrado tener alta afinidad por el CD44 aunque no se han

determinado sus propiedades a nivel biol6gico.™""*>°

1.6.6.4. Pequeinas moléculas derivadas de hongos: F-16438 y F-19848 A

En 2006, el grupo de Hosami Harada establece un método de detecciéon de inhibidores de la
interaccion HA-CD44 a partir de las fracciones de membrana de las células y aisla la familia de
compuestos bioactivos F-16438 (Figura 14A), derivados del hongo Gloeoporus dichrous SANK 30502.
Estos compuestos mostraron una potente actividad (concentracidn inhibitoria semimaxima (ICso)
entre 10 y 30 uM) en un sistema libre de células y son considerados los primeros inhibidores de bajo

peso molecular de la unién HA-CD44.1%°

Este mismo grupo un afio después, aisld un producto natural del hongo Dacrymyces sp. SANK 20204
gue ha demostrado tener actividad como antagonista de la interaccion HA-CD44 (F-19848 A, 1Cso =
24 uM, Figura 14B).1®! Estos datos fueron complementados con otros trabajos que empleaban
técnicas computacionales y que determinaron que las uniones ligando-receptor se rigen
principalmente por interacciones de Van der Waals, siendo los residuos Argd1, Tyr42, Thr76, Cys77,
Arg78, Tyr79, lle96, Cys97, Ala98, Leul07 y Tyr114 en el bolsillo hidrofdbico del receptor los puntos

clave para la unién a los 32 primeros atomos de la molécula.®?

(A)

OAc
_0 OH OAc COOH
HO 0 ;. 0 OH
HO
OH O
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(B)
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/\/\/\/\/\/\/\/\/\/\/\/\)kOH
Homo/o OH OH
HO
Ac0-HO
HO oH

Figura 14. (A) Estructura quimica de uno de los compuestos representativos de la familia F-16438. (B)
Estructura quimica de F-19848 A.
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No obstante, la sintesis de esta molécula, una fusion entre un trisacarido y un acido graso de cadena
larga, no ha podido preparase sintéticamente en el laboratorio y no tiene una estructura que pueda
ser interesante como candidata a cabeza de serie para el disefio de futuras moléculas con capacidad

inhibitoria.®!

1.6.6.5. Etopodsido

El etopdsido es un agente citotdxico utilizado en un amplio espectro de tumores (Figura 15). Su
mecanismo de accidn principal se basa en la inhibicién de la topoisomerasa Il (TOP2), enzima que
regula el enrollamiento/desenrollamiento del ADN, generando roturas transitorias de la doble
cadena y eliminando asi los nudos establecidos en el genoma. El etopdsido estabiliza los complejos
de ADN escindidos por la enzima, los cuales se acumulan y generan roturas permanentes de la doble
cadena, que activan vias de recombinacidon y reparacion, incluso también vias de muerte celular. Por

tanto, el etopdsido convierte la enzima TOP2 en una toxina celular que fragmenta el genoma.®3

Figura 15. Estructura quimica del etopdsido.

En 2016, a partir de un cribado virtual basado en la estructura y estudios computacionales de varias
librerias de compuestos con el CD44-HABD, se identificd al etopdsido como potencial inhibidor de la
interaccion HA-CD44. Se ha demostrado que el etopdsido inhibe la interaccién HA-CD44 en ensayos
de competencia de ligandos con anti-CD44 y de adhesién de HA en células de cancer de mama
MDA-MB-231 con expresion positiva de CD44. El etopdsido revierte la EMT y disminuye la migracidn
celular sin inducir significativamente citotoxicidad ni muerte celular. Estos efectos son
independientes a su actividad citotdéxica como inhibidor de la TOP2. El hecho de que el efecto
citotéxico del etopdsido sea reducido parece estar atribuido a la proteina supresora de tumores p53.
En las células tumorales que presentan p53 normal, las roturas de la doble cadena que genera este
compuesto generan la muerte celular por apoptosis. Sin embargo, en lineas tumorales con p53
mutada (como MDA-MB-231), el efecto citotdxico del etopdsido es mitigado. Ademas, este
compuesto ha resultado disminuir la quimiorresistencia al cisplatino y la formacién de mamosferas,

ambos procesos ampliamente relacionados con la interaccién HA-CD44,%%4
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Estos estudios permiten considerar al etopdsido como un agente antitumoral a través de la
inhibicién de la interaccion HA-CD44, pudiendo servir como base para el desarrollo de nuevos

inhibidores de CD44 y resultando ser valido para estudios traslacionales futuros.¢*

1.6.6.6. THIQs como inhibidores de la interaccion HA-CD44

En 2014 se publicaron los primeros inhibidores no glucosidicos de la unién HA-CD44. Utilizando
ensayos de unién biofisica, screening de fragmentos y mediante las estructuras cristalinas de dichos
compuestos en complejo con el CD44-HABD permitieron descubrir un bolsillo inducible adyacente al
surco de unién del HA de gran interés para la busqueda de inhibidores selectivos. El andlisis de los
complejos seleccionados permitié determinar que todas las moléculas comparten un sitio de unién
comun que permite el apilamiento de las estructuras entre Argl55, Asn29, Val30, His39, Glu4l y

Arg82 (Figura 16).1%

J
N
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Figura 16. Estructura tridimensional del CD44-HABD donde se encuentran el bolsillo de unién al HA (rojo) y a
los inhibidores (azul) (izquierda). En la derecha se encuentran representados tridimensionalmente algunos de
los residuos mds importantes involucrados en la unién a pequefias moléculas.

Las interacciones producidas por la combinacion de fragmentos y el disefio basado en su estructura
han permitido establecer el fragmento de THIQ como un atractivo punto de partida para la
optimizacién de cabezas de serie (Figura 17).1%° Es importante resaltar la existencia de un gran
numero de farmacos que poseen el esqueleto de THIQ. Las aplicaciones de estos farmacos pueden
llegar a ser muy diversas: agentes antihipertensivos (quinapril, debrisoquina), relajantes musculares
(tubocurarina, doxacurio cloruro, mivacurio cloruro, atracurio), antihistaminicos (salsolinol),
antidepresivos (nomifensina, diclofensina), antihelminticos (praziquantel), antitusivos (noscapina),
antiparkinsonianos (apomorfina), agentes para el tratamiento del sindrome de vejiga hiperactiva

(solifenacina) y antitumorales (trabectedina, lurbinectedina).®®
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(L

Figura 17. Estructura quimica de la 1,2,3,4-THIQ.

Inicialmente los compuestos 1 y 2 (Figura 18A) se consideraron de gran importancia debido a sus
interacciones con el bolsillo adyacente al surco de unién del HA. Mediante cristalografia de alta
resolucién se observé que ambos compuestos ocupan el mismo subsitio adyacente al surco de unién
del HA. Ambas moléculas inducen conformaciones alternativas de Argl55 y Asn29 para crear
interacciones m-1t por encima y por debajo del anillo aromatico de la molécula. En el caso del
compuesto 1, una amina exociclica de la anilina forma un enlace de hidrégeno con el oxigeno de la
cadena principal de Val30 y dos enlaces de hidrégeno con moléculas de agua, mientras que la otra

amina interacciona con otra molécula de agua (Figura 18B, compuesto 1).1%

El compuesto 2 se une con el anillo aromatico en el mismo lugar que 1, por debajo de Argl55. Esta
estructura revela una conformacién preferida de media silla para el anillo de seis miembros saturado
gue posiciona la amina endociclica por encima del carboxilato de Glu41 para que pueda donar un
enlace de hidrégeno con este residuo (Figura 18B, compuesto 2). Las conformaciones inducidas y
apo de Argl55 y Glu41 se encuentran ocupadas en proporciones casi iguales por este complejo, por
lo que la ocupacién de este compuesto al igual que el anterior es inferior al 100%. Al evaluar la
capacidad para inhibir la interaccién HA-CD44 se observé que el compuesto 1 no presentd ninguna
actividad mientras que el compuesto 2 (con estructura de THIQ) si presenté actividad inhibitoria (1Cso
= 27 mM). Ademads, se determind la eficiencia del ligando sobre el bolsillo de unién (LE) y la
constante de disociacion (Kp) para ambos compuestos (1, LE = 0,31 kcal mol?, Kp = 8,5 mM) (2, LE =

0,29 kcal mol?, Kp= 6,9 mM).1%

Los parametros de ICso y Kp se obtuvieron a partir de experimentos libres de células mediante la
técnica de resonancia de plasmén de superficie (SPR). Las ICsp fueron obtenidas a través de un
ensayo con el HA inmovilizado, midiendo la unién del CD44-HABD humano usando como
bloqueantes de esta union los distintos compuestos a ensayar. Las Kp se determinaron a partir de la
interaccion ligando-proteina (CD44-HABD humano) sin el uso del polimero. Los datos de LE fueron

obtenidos a partir de las Kp.1%°

A partir de la comparacion entre estos dos complejos con las dos estructuras iniciales, se llevé a cabo
la evaluacién del compuesto 3 (Figura 18A), una combinacién de la THIQ de 2 que formaba enlaces
de hidrégeno con Glu41, con un grupo amino exociclico colocado sobre el carbono en posicion 5
para mimetizar la interaccion con Val30 que presentaba el compuesto 1. Mediante estudios

cristalograficos se ha comprobado que este compuesto se une al mismo sitio que los anteriores. La
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mayor afinidad que presenta este compuesto se atribuye a la presencia de enlaces de hidrégeno con
Val30 y Glu4l, asi como a las interacciones m-nt del anillo aromatico con Argl55 (Figura 18B,
compuesto 3). En este caso, el bolsillo de unidn parece estar completamente ocupado por el
compuesto 3. Por otro lado, este compuesto muestra una mayor actividad sobre la inhibicién de la
interaccion HA-CD44 (ICso = 6,7 mM), mejora en cuatro veces la actividad mostrada por el
compuesto 2. Ademds, presenta una LE de 0,40 kcal mol! y una Kp de 0,9 mM, mejorando en siete

veces la afinidad por el bolsillo de unién hidrofébico presentada por el compuesto 2.1%°

(A)

(8)

Arg155 o

val-30

ICs (mM) = Sin inhibicidn | [ ICso (mM) = 27 IC5o (MM) = 6,7 1C5o(mM) = 14,1 IC5o (mM) = 3,5
LE (kcal mol)=0,31 LE (kcal mol'*) =0,29 | | LE (kcal mol?) = 0,40] [ LE (kcal mol) = 0,19 | | LE (kcal mol?) =0,26
Kp (mM) = 8,5 Kp (mM) =6,9 Kp (mM) =0,9 Kp (mM) =4,6 Kp (mM) =0,4

Figura 18. (A) Estructura quimica de los compuestos 1, 2, 3, 4 y 5. (B) Interaccion de cada compuesto con el
bolsillo de unién del CD44-HABD: compuesto 1, PDB ID: 4MRE; compuesto 2, PDB ID: 4MRF; compuesto 3, PDB
ID: 4AMRG; compuesto 4, PDB ID: 4NP2; compuesto 5, PDB ID: 4NP3. Debajo de la estructura cristalina de cada
compuesto se encuentran los pardmetros de ICso, LE y Ko de cada uno de ellos. Adaptacion de la ref. 165.

Posteriormente, se analizaron una serie de analogos con el farmacéforo de THIQ con dos
sustituyentes teniendo el objetivo de identificar compuestos que interaccionaran con el bolsillo

hidrofdbico, pero que ademas se extendieran lo suficientemente lejos en el surco de unién del HA y

pudieran competir con el HA.

El compuesto 4 difiere de los anteriores en la forma que se extiende a través del bolsillo de unién ya
qgue presenta un grupo metilimidazol (Figura 18A). Una torsién conferida por el grupo orto-metilo
provoca un giro de 90° del imidazol, permitiendo que el NH protonado del imidazol forme un enlace
de hidrégeno con Glu41 (Figura 18B, compuesto 4). La estructura cristalina de este compuesto con el
bolsillo de unién revela que la THIQ se gira en el sitio de unién, de modo que el nitrégeno
endociclico se encuentra en una posicién parecida en comparacién con los compuestos anteriores.
Pequefios cambios conformacionales con Glu41l, junto con una inversién del anillo saturado y una

pequefia rotacion del farmacéforo de THIQ en el bolsillo de unién, hacen posible que las moléculas
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con el nitrégeno endociclico puedan unirse mediante enlaces de hidrégeno similares. El compuesto
4 presenté una buena actividad sobre la inhibicion de la interaccién HA-CD44 (ICso = 14,1 mM), por
lo que, el modo de unién de este compuesto y su buena actividad hace pensar que al optimizar esta
molécula se mejoraria la actividad sobre la inhibicion de la interaccion HA-CD44. Ademas, este

compuesto mostré una LE de 0,19 kcal mol?! y una Kpde 4,6 mM.1%°

La optimizacién del compuesto 4 mediante la adicion de una amina exociclica en el carbono de la
posicion 8 de la THIQ condujo al compuesto 5 (cabeza de serie, Figura 18A). Mediante el analisis
cristalografico se observan los enlaces de hidrégeno formados con los atomos de oxigeno de los
carboxilatos de Glu4l y los enlaces de hidrogeno adicionales que implica la amina exociclica con
Val30 y la unién a las moléculas de agua presentes (Figura 18B, compuesto 5). Este compuesto
presenta tanto la mayor actividad (ICso = 3,5 mM) como la mayor afinidad por el surco hidrofébico

(Ko = 0,4 mM) descritas hasta ahora y una LE de 0,26 kcal mol™.1%

Los estudios cristalograficos también muestran que este tipo de estructuras pueden impedir la unién
simultanea del HA por exclusion estérica en el sacarido de GIcNAc: Argl55 y Asn29 giran para crear
un complejo por encima y por debajo del anillo aromatico del ligando, Glu41 se sitda lejos de Arg82
para aceptar un enlace de hidrégeno de la amina secundaria de la THIQ que da lugar a la formacion

de un enlace de hidrégeno con el residuo Asn29 y un enlace de hidrégeno con Val30 (Figura 19).1°

(A) .
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Figura 19. (A) Vista general de la estructura tridimensional CD44-HABD que muestra el bolsillo inducible para
la THIQ (compuesto 5, verde) y el sitio de unidon del HA (naranja). (B) Superposiciéon de las estructuras
cristalinas THIQ-CD44 (verde, PDB ID: 4NP3) y HAs-CD44 (naranja, PDB ID: 2JCR).16°

A continuacion, se presentan dos analogos de THIQ incluidos en este estudio y que mantienen una
estrecha relacidon con los objetivos de la presente tesis doctoral. Para estas estructuras se ha

determinado solo la LE y Kp (Figura 20).1%
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Figura 20. Estructura quimica de distintos analogos de THIQ. Adaptacion de la ref. 165.

Estudios de mutacion murinos han conseguido crear un nexo entre la conformacion del residuo
Arg45 y la conformacién que adquiere el CD44 para permitir la unién de moléculas de HA.'® La
inhibicion por parte de THIQs estaria potenciada por su capacidad para inducir cambios
conformacionales que son incompatibles con aquellos producidos por el HA. Cada una de las
moléculas mencionadas anteriormente es capaz de provocar cambios conformacionales en torno a
los residuos Asn29, Glu4d1 y Arg82, que estan en contacto con el residuo Arg45. Ademas, la inclusion
de la amina exociclica (anillo de metilimidazol) bloquea la conformacién de Arg82, anulando su

desplazamiento y dificultando su unién al HA.2%

Estos resultados junto con el hecho de que todas las moléculas presentan afinidades de un orden
milimolar, permiten considerar que las THIQs poseen un amplio rango de optimizacién pudiendo ser
excelentes cabezas de serie para futuras investigaciones sobre este tipo de inhibidores basados en

moléculas no glucosidicas relativamente pequenas.

1.6.6.7. Otras pequeiias moléculas no glucosidicas

Otras investigaciones han planteado el uso de pequefios inhibidores no glucosidicos para la
inhibicién de la interaccién HA-CD44 a partir de estrategias computacionales®>!®’ o mediante

cribados con técnicas espectroscdpicas para evaluar la afinidad a la proteina.181%9
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Figura 21. Estructura quimica de distintos andlogos con potencial de inhibir la interaccién HA-CD44. Los
derivados de THIQ fueron estudiados mediante técnicas computacionales, mientras que el resto de estructuras
fueron obtenidas a partir de cribados con estudios de espectroscopia.

Aunque no se han validado biolégicamente los resultados, resultan ser prometedores para una

posible optimizacidn futura. Entre las moléculas estudiadas, se encuentran derivados de anilina,

tiazol, bencilamina y THIQ (Figura 21).%67-16°

1.7. Nanotecnologia

La investigacion para el desarrollo de nuevos farmacos ha evolucionado en las Ultimas décadas. Sin
embargo, no ha habido gran impacto clinico en la quimioterapia contra el cancer debido a diferentes
razones. Muchos de los medicamentos mas potentes no presentan una buena solubilidad en agua, lo
que implica restricciones en aplicaciones clinicas; por un lado, estos fdrmacos suelen carecer de
especificidad y presentan una escasa acumulacion en el tumor por lo que generan toxicidad para las
células sanas y ademds muestran una mala farmacocinética y biodisponibilidad in vivo. Por otro lado,
el desarrollo de resistencias a estos tratamientos es otra de las causas por las que su eficacia esta

limitada.t7%71

La quimioterapia convencional requiere dosis altas de farmaco, frecuentemente causando efectos

secundarios toxicos graves debido a una selectividad insuficiente. Por ello, la investigacion actual
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estd enfocada a investigar sobre nuevos procedimientos para el diagndstico precoz y una mejora de

la selectividad terapéutica, ademads de la bisqueda de nuevos biomarcadores.'’*

En las ultimas décadas, la nanotecnologia se ha convertido en una herramienta esencial en el campo
biomédico para superar las dificultades mencionadas.’? Las continuas mejoras en esta disciplina han
permitido su aplicacién en la biomedicina, dando lugar a la nanomedicina.'’® En particular,
recientemente se han producido grandes avances en la aplicacién de la nanomedicina en el
tratamiento del cdncer, convirtiéndose en un enfoque terapéutico prometedor para superar las
diversas limitaciones de la quimioterapia convencional. Una de las principales ventajas del uso de la
nanomedicina es transportar y liberar especificamente al fdrmaco en la célula o tejido diana. Por lo
tanto, se mejora la internalizacién de los medicamentos y su acumulacion intracelular selectiva en
las células tumorales haciendo que la exposicién del tejido no tumoral al fdrmaco se reduzca y asi la

toxicidad de los mismos (Figura 22).173174

La nanomedicina aplicada al cdncer ha hecho una gran contribucion a las estrategias de tratamiento
permitiendo la liberacién sitio-especifica de agentes quimioterapéuticos, basandose en sus
caracteristicas fisicoquimicas y bioldgicas.r”® Debido a los avances en la quimica sintética en las
ultimas décadas, se han desarrollado diferentes nanomateriales orgdnicos e inorganicos, incluyendo
las nanoparticulas (NPs), que pueden usarse para una variedad de aplicaciones biomédicas, como la
liberacion controlada de farmacos, el diagndstico del cancer y su tratamiento o como agentes de
contraste de imagen.?>'7® El sistema de liberacién de los farmacos basado en la nanomedicina y
dirigido especificamente a las células tumorales, tiene varias ventajas sobre las terapias
convencionales: vida atil mas larga, aumento de la solubilizacion de farmacos, mejora en la
biodistribucion de los farmacos, administracién de varias combinaciones de farmacos vy
administracién de sustancias hidrofilicas e hidréfobas por via oral, nasal, parenteral e intraocular.
Ademas, la nanomedicina permite desarrollar nuevos métodos para superar la resistencia a la

quimioterapia (Figura 22).170174

Hay diversos tipos de NPs que actualmente se emplean en una amplia variedad de aplicaciones
biomédicas. Entre las NPs mas utilizadas se encuentran, las de naturaleza organica (poliméricas,
lipidicas, nanoestructuras de carbono y poliméricas-magnéticas) e inorganica (semiconductoras,

plasmdnicas, de silica y magnéticas).'”’

Las NPs poseen unas propiedades fisicoquimicas muy caracteristicas debido a su tamaiio
nanométrico (1-1.000 nm) y tienen la capacidad de transportar distintas moléculas bioactivas de
tamafio variable, lo que permite la encapsulacion o unién de distintos ligandos a su superficie.

Ademas de controlar su tamafo, también se puede modular su forma y sus propiedades
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superficiales, permitiendo mejorar la especificidad a determinados drganos, tejidos o células. Estas
caracteristicas permiten considerar a las NPs como nanofdrmacos terandsticos prometedores contra

el ca’ ncer 173,177-179

Teragnosis es la combinacién de técnicas terapéuticas y de diagndstico para diagnosticar, tratar y
monitorizar enfermedades simultdneamente.'® Las NPs, y mas concretamente las NPs poliméricas,
se utilizan ampliamente como nanosistemas terandsticos debido a su elevada estabilidad, facil
adaptabilidad, mayor tiempo en la circulacidn sistémica y acumulacion preferente en el tejido diana
mediante orientacidn pasiva.'®"1®* Sin embargo, la heterogeneidad tumoral puede limitar el acceso
de los nanosistemas a la masa tumoral. Ademas, la orientaciéon pasiva no impide que las NPs
penetren en drganos sanos con endotelio permeable, lo que contribuye a su citotoxicidad. Por lo
tanto, el disefio de nanosistemas con potencial de orientacién activa es esencial para la seguridad y

eficacia de los nanosistemas terandsticos.'8%18

La orientacién activa consiste en orientar el transporte de NPs hacia las células diana especificas,
aumentando la retencidon especifica y acumulacion de las mismas en la zona tumoral y por
consiguiente generando una eficaz internalizacién. En el ambito de la nanomedicina, esto puede
lograrse funcionalizando los nanosistemas con ligandos especificos que se unen de forma selectiva a
receptores de la superficie celular sobreexpresados o a receptores expresados de forma exclusiva en
las células diana, tejidos, dominios subcelulares u 6rganos diana. Esta estrategia ha dado resultados
prometedores en la captacién celular de las NPs, lo que repercute directamente en la eficacia de los
nanosistemas.'®1¢ Los ligandos mas utilizados son los anticuerpos, los aptdmeros y los péptidos
dirigidos, siendo importante resaltar el uso del HA como ligando para realizar terapia dirigida. Este
tipo de moléculas no sélo permiten abordar las limitaciones de la orientacion pasiva, sino también

disefiar bioherramientas potentes, no invasivas y personalizadas contra el cancer (Figura

22).183,184,187—189

54



Tesis Doctoral

Liberacién controlada

de farmacos
’ o s
—* @
s & ]
Orientacién pasiva R \ i / \  Disminucién de la
y activa { j ' | toxicidad en células
: % . - sanas
Nanotecnologia
ey A
Solubilidad de | ! '« 8 Disminucion dela
farmacos | 4 3 .Jf\ / quimiorresistencia
a P .}

Combinacién de
farmacos

Figura 22. Ventajas y caracteristicas mas importantes del empleo de la nanotecnologia aplicada a la terapia
contra el céncer.

1.7.1. Nanotecnologia activamente dirigida hacia CD44

Las NPs activamente dirigidas hacia el CD44 sobreexpresado en las células tumorales, a través del
uso del HA como ligando o mediante anticuerpos especificos, pueden evadir los mecanismos de
eflujo de farmacos facilitando la entrada de los mismos en células tumorales a través de endocitosis
mediada por receptores, liberando asi la carga de farmaco desde el compartimento endolisosdmico

al citoplasma, 18190

Por un lado, se han desarrollado nuevas terapias para el suministro de quimioterapéuticos basadas
en NPs recubiertas de HA. El HA se ha empleado como el ligando para dirigir las NPs a las células
tumorales que sobreexpresaban CD44. Por ejemplo, en un estudio reciente se han utilizado NPs tipo
micela con paclitaxel, un farmaco quimioterapéutico hidrofébico que es utilizado ampliamente
contra diferentes tumores sélidos y que causa efectos secundarios significativos como la
neurotoxicidad. Sin embargo, dado que la bioestabilidad de este agente antimitético a los tumores
es limitada, se utilizan dosis elevadas en la quimioterapia convencional. Esto conduce, por lo tanto, a
la toxicidad sobre las células sanas, asi como al aumento de la quimiorresistencia. Los estudios
biolégicos in vitro e in vivo realizados sobre el nanosistema combinado de HA y paclitaxel resultaron
mejorar significativamente el efecto antitumoral y disminuir de forma considerable los efectos

citotdxicos en comparacion con el paclitaxel convencional.*°

Otro enfoque llevado a cabo ha sido la generacion de NPs de respuesta dual para la administracién

simultanea de multiples farmacos antitumorales dirigidos a los mecanismos de resistencia de las
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CSC. Las NPs consistian en cuatro polimeros aprobados por la Administracién de Alimentos vy
Medicamentos (FDA, acrénimo del inglés food and drug administration) para uso médico: acido
poli(lactico-co-glicésido) (PLGA), Pluronic® F127, quitosano y el HA. En este estudio, el HA se conjugd
en la superficie de las NPs para dirigirlas hacia las células tumorales y ademas, se utilizé para
sustituir el alcohol de polivinilo como agente estabilizante para facilitar la liberaciéon de los agentes
terapéuticos mediante estrategias sensibles al pH y a estimulos térmicos. Las NPs transportaban
mediante encapsulacidon doxorrubicina e irinotecan para inhibir la actividad de las TOP2 y 1,
respectivamente. Estas NPs mostraron tener un efecto antitumoral sobre las CSCs mamarias y
prostaticas humanas superior en unas 500 veces a la terapia combinada de los dos compuestos
antitumorales sin encapsular.’®! Es importante resaltar que ambos quimioterapéuticos son farmacos
eficaces para el tratamiento de pacientes con cancer. Sin embargo, su uso esta limitado por efectos

secundarios agudos y crénicos, como hepatotoxicidad, nefrotoxicidad y cardiotoxicidad.*!

También se han desarrollado nanosistemas basados en HA para la liberacién especifica de
proteinas!®? y nanodispositivos capaces de realizar una liberacién controlada de antigenos con el
objetivo de inducir una respuesta inmunitaria potente de gran eficacia y mejorar el efecto de las
vacunas tradicionales.’®® Como en los anteriores casos, el HA se usé como molécula para dirigir el

nanosistema hacia las células con sobreexpresién de CD44.

En otro estudio reciente se ha disefado y evaluado un nanosistema polimérico de PLGA recubierto
de HA que combina la quimioterapia con la terapia fotodinamica contra las CSCs de cancer de mama
que sobreexpresan CD44. Este nanosistema permite la liberacidén simultanea del fdrmaco docetaxel y
del fotosensibilizador meso-tetrafenil cloro disulfonato. La terapia combinada de NPs con el farmaco
y el fotosensibilizador mostraron mayor eficacia que el tratamiento con NPs terapéuticas o
fotodinamicas de forma individual.?®* Por otro lado, se ha llevado a cabo la sintesis de NPs de poli (B-
amino éster) con triptélido como agente antitumoral a liberar y con HA como ligando para llevar a
cabo la orientacidn activa hacia las células tumorales. La estrategia de liberacién se basaba en la
sensibilidad al pH y la reacciéon de reduccion-oxidacidon. Esta combinacion tuvo efectos positivos
sobre la detencién de la progresidon y la metastasis tumoral, consiguiendo ademds una reduccién
significativa de los efectos citotdxicos provocados por el agente terapéutico tras su uso de forma

convencional.'®®

Ademas de nanosistemas basados en HA para ser dirigidos hacia las células con sobreexpresién de
CD44 vy liberar el farmaco de forma especifica (Figura 23), recientemente se ha desarrollado una
estrategia que utiliza un anticuerpo contra el receptor CD44 como ligando clave para llevar a cabo la

liberacion selectiva del paclitaxel (Figura 23). Este trabajo se basaba en el uso de nanocapsulas
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lipidicas de aceite de oliva como sistema de transporte y de liberacién del agente terapéutico
funcionalizadas con un anti-CD44 como ligando para realizar la orientacidon activa contra células
tumorales de pancreas marcado con fluorescencia para permitir su seguimiento. Los resultados de
este estudio indicaron alta captacion del nanosistema por las células y mostraron una eficacia
antitumoral cuatro veces mayor que el paclitaxel convencional. Esta estrategia terapéutica también

fue validada en un modelo in vivo.**®

Nanosistemas basados en HA Nanosistemas basados en anti-CD44

Anti-CD44

Farmaco

Células tumorales @W/ Q?&\

Células sanas

Figura 23. Nanotecnologia activamente dirigida hacia CD44. La orientacion activa se puede realizar mediante el
recubrimiento de los nanosistemas con HA o mediante la conjugacion de anticuerpos anti-CD44 a las NPs para
la posterior liberacion del farmaco. Tanto el HA como los anticuerpos actian como ligandos especificos del
CD44 sobreexpresado en las células tumorales.

A pesar de los importantes avances en el uso de la nanomedicina dirigida especificamente al
receptor CD44, no se ha desarrollado ninguna estrategia basada en nanotecnologia con el objetivo
de bloquear la interaccion HA-CD44 a través de la inhibicidn del receptor como terapia antitumoral.
La nanotecnologia permitiria aumentar la interaccién de los inhibidores con el CD44 y podria reducir

los efectos toéxicos sobre las células normales, de esta manera la terapia antitumoral basada en la

inhibicion de la interaccion HA-CD44 seria mucho mas eficiente.

1.7.2. NPs como sistema de liberacion controlada y selectiva de farmacos

Las NPs nos permiten realizar una liberacién sostenida de los farmacos que van conjugados a las
mismas. Los farmacos se pueden liberar desde el nanosistema hasta la circulaciéon sistémica durante
un tiempo prolongado. Una vez se haya realizado la biodistribucion y acumulaciéon de las NPs en la
célula o tejido diana, mediante un estimulo externo (temperatura, luz, etc) o interno (redox,
procesos enzimaticos como esterasas, cambios de pH, etc) se procede a la activacién y liberacion del

farmaco desde las NPs, esto se denomina liberacién sensible a estimulos.*¥’-1%
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1.7.2.1. Liberacion selectiva basada en la accion de las esterasas

Dado que los procesos fisioldgicos y metabdlicos del cuerpo humano dependen de las enzimas, la
expresion y actividad anormales de las enzimas son la base patolégica de muchas enfermedades.
Comparadas con las de los tejidos normales, algunas enzimas se sobreexpresan en los tejidos
tumorales, mostrando asi una sobreexpresién en el microambiente tumoral. Una estrategia
empleada en la liberacién selectiva de fadrmacos en nanotecnologia se basa en la explotacién de las
enzimas sobreexpresadas en el microambiente tumoral, en concreto las esterasas, para obtener una
liberacion del farmaco gracias a la hidrdlisis del enlace éster. En las lineas celulares tumorales, las
esterasas sobreexpresadas desempefian un papel importante en la migracion, invasion,
supervivencia y crecimiento tumoral in vivo. Las NPs que responden a las esterasas podrian ser
sensibles a las células tumorales debido a la sobreexpresion de las esterasas en estas células. Se han
disefiado una amplia variedad de NPs para liberacién selectiva de terapias antitumorales mediada

por la actividad de las esterasas.?0%20?

Por ejemplo, se ha descrito recientemente el desarrollo de unas NPs inyectables cargadas con un
inhibidor de la TOP1 humana, en concreto 7-etil-10-hidroxicamptotecina, obtenidas mediante la
unién covalente del farmaco con oligo-e-caprolactona para formar conjugados a través de un enlace
activable por esterasas, seguido de la encapsulacidon de estos profarmacos en matrices poliméricas
exogenas. Se observd una recesion tumoral duradera en un modelo de tumor ortotépico inducido

quimicamente.?*?

1.7.2.2. Liberacion selectiva basada en cambios de pH

El pH es un pardmetro ampliamente conocido a la hora de diferenciar entre células normales y
tumorales. Normalmente, el valor de pH de las células o tejidos normales se encuentra alrededor de
7,4. En condiciones asociadas a alguna patologia el pH disminuye, es decir, tiene una tendencia a
volverse mas acido. Este hecho se asocia al aumento de la produccién del acido lactico generado por
la regulacion anormal de la glucdlisis, caracteristica comin de muchos tumores. Generalmente el
valor de pH oscila entre 6 y 7 en un gran nimero de tumores sélidos, aunque puede sufrir
variaciones. Aunque a simple vista no parezca una gran diferencia entre el valor del pH normal y el
tumoral, este hecho ha permitido desarrollar una nueva estrategia en la liberacién especifica y

selectiva de farmacos hacia las células tumorales (Figura 24),.203-206
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Figura 24. Estrategia de liberacidn selectiva de farmacos basada en la sensibilidad al pH del microambiente
tumoral. El pH acido caracteristico de las células tumorales permite la liberacidn del farmaco conjugado al
nanosistema favoreciendo la accion terapéutica. En cambio, el pH neutro de las células sanas va a impedir la
liberacidn del agente antitumoral y por tanto no se van a ver afectadas.

Con esta estrategia aplicada a las NPs, surgen grandes ventajas ligadas al uso de las NPs como
terapia antitumoral. Debido a la posibilidad de modificar la farmacocinética y al aumentar la
especificidad del tratamiento hacia las células o tejido tumoral, se va a producir un aumento de la
retencién y acumulacidn especifica de los agentes terapéuticos en la zona tumoral y esto se va a
traducir en una disminucion significativa de los efectos secundarios téxicos en las células sanas. Esta
estrategia también ofrece nuevas posibilidades para paliar el problema de la resistencia a la

quimioterapia al poder liberar el agente terapéutico en el receptor o diana especifica.?0%20

Existen muchos tipos de nanosistemas que han aplicado esta estrategia basada en el pH como, por
ejemplo, NPs de carbonato célcico v silica,?®” NPs de PLGA,?® polimeros,?® dendrimeros?® o NPs de

Or0.211_213

1.7.3. NPs de poliestireno

1.7.3.1. Sintesis y funcionalizacion de las NPs de poliestireno

El grupo de investigacion NanoChemBio es un referente en la sintesis y aplicacion de NPs de
poliestireno multifuncionalizadas reticuladas. La sintesis inicial de estas NPs se realizé por el método
de polimerizacién por dispersion.?!* Mas tarde se describié un nuevo método de sintesis para las NPs
de poliestireno amino funcionalizadas mediante un protocolo de polimerizacidon por emulsion libre

de emulsionante. Las NPs de poliestireno reticuladas se generan a partir de la polimerizacion del
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estireno con el divinilbenceno (DVB) que actia como agente conector de las cadenas del polimero.
Este método permite obtener poblaciones monodispersas de NPs de poliestireno amino
funcionalizadas reticuladas, estables en el entorno bioldgico, robustas, de tamafio definido (de 100

nm a 2 um) y con morfologia esférica.?>2

Este tipo de NPs presentan una gran versatilidad quimica permitiendo ser facilmente
multifuncionalizadas con distintas moléculas usando la metodologia de sintesis en fase sélida de
péptidos (SPPS, acronimo del inglés solid phase peptide synthesis) y estrategias de proteccion
ortogonal gracias a la amino funcionalizacién.?!” Esto abre un gran nimero de posibilidades para la
aplicacién de estas NPs pudiendo abordar cuestiones como la obtencién de imagenes, la
monitorizacion o el tratamiento, de forma independiente o simultdaneamente, de una manera muy
efectiva. Ademas, las NPs reticuladas ofrecen mayores ventajas sobre las NPs no reticuladas porque
presentan una estabilidad mecdnica mejorada en varios disolventes orgdnicos como la
dimetilformamida (DMF) o en disolventes hidrofilicos como el agua, lo que permite un amplio

espectro de reacciones posibles que pueden llevarse a cabo sobre ellas.18218

Con este tipo de NPs, las reacciones quimicas mas comunes se realizan acoplando un grupo acido,
previamente activado, al grupo amino de las NPs a través de la formacion de un enlace amida
mediante el uso de reactivos de acoplamiento como oximas y carbodiimidas.?'® Otras reacciones de
bioconjugacion que se pueden llevar a cabo con las NPs de poliestireno son, conjugacién de grupos
cetona con hidracina a través de la formacion de enlaces hidrazona o reaccidn de maleimidas con

tioles formado tioéteres, entre otras.?2%2%!

Para cuantificar la carga de las NPs, un aminodcido con el grupo amina protegido con el grupo
protector 9H-fluoren-9-il-metoxicarbonilo (Fmoc), normalmente Fmoc-glicina-OH, se acopla a las
NPs mediante un enlace amida. A continuacién, el grupo protector Fmoc se elimina con piperidina,
permitiendo cuantificar el Fmoc midiendo el aducto dibenzofulveno-piperidina que se genera. Esta
medida permite monitorizar la eficiencia de las reacciones posteriores ademds de determinar la
carga de las NPs en cada paso a partir de la cuantificacion de los grupos amino primarios de las
NPs.?22 La monitorizaciéon de las reacciones también se puede llevar a cabo cualitativamente
mediante el test de la ninhidrina, un ensayo que permite determinar los grupos amino libres de las
NPs.?2®* Cuando el grupo amina se encuentra libre, otro aminodacido o espaciador con Fmoc puede
acoplarse a las NPs. De esta manera, mediante la formacion de enlaces amida y ciclos de proteccion-

desproteccion se pueden ir conjugando distintos espaciadores y moléculas (Esquema 1).21¢

Por otro lado, cuando se precisa realizar una funcionalizacién dual de dos moléculas distintas se

recurre a la conjugacidon de un espaciador bifuncionalizado protegido con los grupos protectores

60



Tesis Doctoral

ortogonales Fmoc y etil 1-(4,4-dimetil-2,6-dioxociclohexiliden) (Dde), concretamente se emplea la
Fmoc-lisina(Dde)-OH. La ortogonalidad de estos grupos permite la introduccién de dos moléculas,
por ejemplo, un agente terapéutico y un fluordéforo, en diferentes puntos temporales y en las

mismas NPs (Esquema 1).2%*

Fmoc~| Espaciador | ~~OH

desproteccion

H,N~| Espaciador | NWO

"n" ciclos de proteccién-desproteccion

Fmoc~| Espaciador Il
P OH dependiendo del numero de espaciadores

"n" espaciadores EHzN"’" Espaciador Il Espaciador | :
1 1

I;moc
OH proteccion

$
Dde

Fmoc

§

v Espaciador Il Espaciadorlmwo
Dde
Biomoléculas O ﬁ desproteccion ortogonal-

conjugacion de biomoléculas

?

NW Espaciador Il Espaciador | NwO

*

Esquema 1. Ejemplo de multifuncionalizacion de las NPs de poliestireno amino funcionalizadas mediante SPPS
y estrategias de proteccion ortogonal usando como grupos protectores Fmoc y Dde.

A modo resumen, las NPs de poliestireno tienen una serie de ventajas sobre otros sistemas de
liberacion, incluyendo las siguientes: (a) se pueden conjugar de forma eficiente y segura una
variedad de estructuras biolégicamente relevantes tales como moléculas pequeias (biosensores,
fluoréforos y farmacos), péptidos, anticuerpos, proteinas y acidos nucleicos a la superficie de las NPs
a través del uso de protocolos de conjugacion eficaces sin dafiar el material transportado?!®4217:225-230
(Figura 25); (b) mediante este tipo de NPs se puede llevar a cabo la liberacion controlada y eficiente
de la carga bioactiva mediante diversos estimulos como la luz ultravioleta, la temperatura o el pH;
(c) se pueden alcanzar altas concentraciones de la molécula a conjugar en las NPs; (d) las NPs
marcadas fluorescentemente pueden evaluarse eficientemente mediante técnicas estandar tales

como citometria de flujo y microscopia; (e) la carga de moléculas bioactivas en las NPs se puede
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monitorizar, permitiendo alcanzar las cargas deseadas dependiendo de la aplicacion especifica; (f)
una serie de lineas celulares, entre las que se incluyen células adherentes, en suspension, primarias y
células madre, han sido nanofectadas con éxito sin observar ningun tipo de efecto citotéxico; (g)
cuando se desea, como en el caso del diagndstico, la carga se puede mantener junto con las NPs, por
lo que la sefial no se pierde; y (h) la activacidn selectiva de biomoléculas puede lograrse mediante la
liberacidn intracelular de microcatalizadores de metales como el paladio disefiados a partir de esta
nanotecnologl'a.183,184,216,218,226

Farmacos
Fluoréforos

Proteinas

Anticuerpos

Péptidos

Biosensores

N AN

siRNA

Figura 25. Tipos de biomoléculas que se pueden conjugar a las NPs de poliestireno para su aplicacidon en
diversas ramas de la nanomedicina, como el diagndstico, la monitorizacidn o el tratamiento.

1.7.3.2. Caracterizacion fisicoquimica de las NPs de poliestireno

Una vez realizada la sintesis y funcionalizacion de las NPs de poliestireno, es fundamental realizar
una caracterizacion fisicoquimica detallada de las mismas. Los pardmetros mas importantes a
estudiar son el tamafio, morfologia, estabilidad, caracterizacion de la superficie, concentracién,
carga y liberaciébn de las moléculas conjugadas. Aunque existen varias técnicas para su
determinacién, no siempre es necesario usar todas. De hecho, el uso de unas u otras se hara en
funcién de las moléculas que lleven las NPs, utilizdndose a veces solas o en combinacién con otras.

Algunas de las técnicas mas utilizadas son:

a) Dispersion de luz dindmica (DLS, acronimo del inglés dynamic light scattering). La
espectroscopia de correlacion de fotones o DLS es una técnica fisicoquimica que permite determinar
el tamafio hidrodindmico de la poblacién de particulas en solucion. Ademas del tamafio, mediante
esta técnica se puede determinar el indice de polidispersidad (PDI), un parametro que presenta un
rango entre 0 (poblacion monodispersa) y 1 (poblacion polidispersa). De esta forma, cuanto mas

bajo sea el PDI, mads homogéneo sera el tamafio de la poblacién de NPs.231232
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b) Microscopia electrénica de barrido (SEM, acrénimo del inglés scanning electron
microscopy) y de transmision (TEM, acronimo del inglés transmission electron microscopy). Estas
técnicas de microscopia permiten determinar fundamentalmente el tamafio y la morfologia de las
NPs. Ademas, permiten ver si hay aglomeraciones entre la poblacion de NPs y hacer una
determinacién absoluta del tamano de particula mediante la examinacién individual de cada

una .233,234

¢) Potencial zeta. Mediante este parametro se mide y cuantifica la carga eléctrica de la
superficie de las NPs. Permite obtener informacidn sobre la estabilidad de las dispersiones de NPs,
considerando una mayor estabilidad para los valores altos (+ 20 mV) en los sistemas poliméricos.
Ademads, esta medida se usa para monitorizar la eficacia de cada paso de funcionalizacién llevado a

cabo sobre las NPs.23423>

d) Citometria de flujo y microscopia confocal y de fluorescencia. Estas técnicas permiten

caracterizar y detectar la emisidon de fluorescencia de las moléculas fluorescentes conjugadas a las

NPs 234,236,237

También es de especial importancia tener conocimiento sobre la concentracion de NPs en cada
momento, mediante un ensayo basado en los principios de la turbidimetria en el que se puede
obtener la densidad déptica (OD) de la suspension de NPs a estudiar, se puede conocer las NPs por
unidad de volumen. La intensidad de la luz dispersada a través de las suspensiones de NPs es
directamente proporcional a la cantidad de NPs, esta determinacidn se puede realizar con un
espectrofotdmetro.?!® Respecto a la determinacion de la carga y la liberaciéon de moléculas como
farmacos, se llevan a cabo una serie de cdlculos para obtener la eficacia de conjugacién y de
liberacidn a partir de la realizacion previa de curvas de calibracion estandar mediante
espectrofotometria o cromatografia liquida de alta eficacia (HPLC, acréonimo del inglés high

performance liquid chromatography).*®

1.7.3.3. Aplicaciones de las NPs de poliestireno

Este tipo de NPs han demostrado ser completamente biocompatibles con el medio celular y gracias a
su facil manejo, estabilidad, versatilidad quimica y capacidad de conjugar y poder cuantificar cargas
de distinto tipo, han servido para disefar y evaluar diferentes nanosistemas multifuncionalizados

con diversas aplicaciones en el campo biomédico. Algunos ejemplos son:

a) Monitorizacion de la proliferacion celular. Se ha creado un método fluorescente eficaz
para hacer seguimiento de la proliferacién celular de diferentes lineas celulares mediante el uso de

NPs marcadas fluorescentemente que se internalizaban facilmente en las células.?®
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b) Transporte y liberacion selectiva de dcidos nucleicos. Se han usado NPs de poliestireno
para la liberacidon de material genético como ADN y siRNA. Las NPs con ADN permitieron transfectar
con éxito células T de hibridoma posibilitando la expresién de una proteina biolégicamente
relevante implicada en la sefializacién celular. Por otro lado, las NPs conjugadas con siRNA se han
usado principalmente para el silenciamiento de proteinas diana en distintas lineas tumorales sin

ocasionar toxicidad.???%

c) NPs como estrategia para capturar y detectar dcidos nucleicos. Recientemente, se ha
desarrollado un sistema basado en nanotecnologia capaz de detectar acidos nucleicos mediante
citometria de flujo. Se ha llevado a cabo con éxito la deteccion de las secuencias del coddn 12 de
KRAS (acronimo del inglés kirsten rat sarcoma virus) y del micro-ARN 122 mediante esta

tecnologia.?®®

d) Transporte y liberacion de proteinas. Proteinas como la B-galactosidada y la proteina
verde fluorescente (GFP, acrénimo del inglés green fluorescent protein) han sido conjugadas a NPs
de poliestireno y se han evaluado como sistemas de liberacidn, resultado ser efectivos en varias

lineas celulares embrionarias y neuronales.2024!

e) NPs como sensores en medios celulares.

- Sensores de pH en células. Se han disenado y evaluado NPs marcadas fluorescentemente que

actian midiendo en tiempo real el pH intracelular en células vivas. Esta aplicacién fue validada
mediante técnicas fisicoquimicas como espectrofluorometria, microscopia fluorescente o

citometria de flujo.2*

- Sensores de calcio en tiempo real. Se ha llevado a cabo la deteccién de modificaciones en las

concentraciones de calcio intracelular mediante la conjugacién a las NPs de poliestireno de un
sensor molecular sensible a las variaciones de calcio citosélico. Estos estudios se han realizado
en diversas lineas celulares y ademds se han validado en periodos de tiempos largos

demostrando rapidez y una dptima sensibilidad.?*?

- Sensores de apoptosis. A partir de la multifuncionalizacidon de NPs con distintos fluoréforos y con

un péptido que actia como sustrato de la caspasa 3 se realizo la validacion de este nanosistema
para determinar, monitorizar y medir procesos apoptdticos mediados por varias caspasas

mediante citometria de flujo.?**

f) Andlisis proteémico de dianas terapéuticas. Se ha realizado la sintesis de NPs conjugadas
con agentes terapéuticos con la capacidad de unirse a sus proteinas diana en el medio intracelular

tras penetrar en las células. En concreto, se evaluaron con éxito NPs fluorescentes con dasatinib tras
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observar la unién del ligando a su diana farmacoldgica (proteina quinasa Src) e inducir una reduccién

en la actividad in vitro de la misma.??’

g) NPs como herramientas fluorescentes y de imagen molecular. Ademas de las diferentes
aplicaciones donde hemos visto que las NPs marcadas con fluordforos tienen gran utilidad, existen
otros campos como la imagen molecular o tecnologias basadas en fluorescencia donde este tipo de
NPs son de especial importancia. Existen muchos tipos de fluoréforos que se pueden conjugar a las

NPs, carboxifluoresceina, fluoruro de dansilo, xantenos, derivados de cianina o rodaminas, entre

otros 217,238,245

h) NPs como catalizadores intracelulares. Se han realizado importantes avances en el campo
nanotecnologia aplicada a la catdlisis, por ejemplo, se ha sintetizado y evaluado un nanosistema con
paladio que permite catalizar reacciones quimicas especificas en células vivas sin mostrar toxicidad.
Estas NPs con paladio pueden actuar como sistemas activadores produciendo la formacién de
compuestos fluorescentes a partir de otros no fluorescentes o la activacion bioortogonal de

profdrmacos evitando de esta manera los efectos adversos de los mismos.21624¢

i) NPs que permiten la orientacion activa mediante anticuerpos especificos. Se ha
desarrollado un nanosistema versatil, robusto y estable con aplicacidon en la orientacién activa. El
nanosistema se basa en NPs bifuncionalizadas conjugadas a un anticuerpo monoclonal que permite
la orientacion activa de (i) un fluoréforo para monitorizar el nanosistema o (ii) un agente terapéutico
para estudiar las respuestas especificas de las células. Este nanosistema ha demostrado tener la
capacidad de discriminar entre distintas lineas celulares en un co-cultivo celular basdndose en la
diferencia de los niveles de expresion de diversos receptores de la superficie celular de las células.

Como receptores diana se estudiaron EGFR y CD147.18

Los resultados obtenidos sugieren que esta tecnologia se pueda aplicar a otros tipos de receptores
celulares y a otras cargas bioactivas permitiendo dirigir especificamente el nanosistema hacia uno u
otro tipo de células con diferentes niveles de expresidon del receptor especifico. Este estudio ofrece

una herramienta terapéutica con gran potencial para la medicina personalizada.'®

j) NPs como sistema de liberacion controlada y selectiva de farmacos. En nuestro grupo de
investigacion, se ha llevado a cabo la sintesis y la evaluacion de un nanosistema polimérico
conjugado con el agente terapéutico doxorrubicina. Con este estudio se ha validado la estrategia
sensible al pH que permite la liberacidén controlada y selectiva del farmaco.??® La estrategia para la
conjugacién de la doxorrubicina al nanosistema se basaba en la formacidon de un enlace covalente,
denominado hidrazona (Esquema 2), a partir de la cetona de la posicidon 13 de la doxorrubicina con

la amina de la hidracina previamente conjugada en las NPs. Este enlace tiene la caracteristica de ser
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estable en condiciones neutras, pudiendo ser facilmente hidrolizado en el medio acido caracteristico
del microambiente tumoral. La hidrélisis de este enlace se origina al invertir las etapas de formacién

del mismo.2%6:247

R1—C + H2N_NH2 -

D
|
+
I

N
o

Esquema 2. Reaccion de la formacién del enlace hidrazona a partir de un grupo cetona y una amina de la
hidracina. En condiciones neutras este enlace presenta estabilidad, mientras que a valores bajos de pH se
hidroliza.

Estas caracteristicas del enlace hidrazona permiten poder aplicar esta estrategia quimica a
diferentes aplicaciones bioldgicas como la liberacién controlada y selectiva de farmacos. Los
resultados bioldgicos in vitro de este estudio han mostrado que el nanosistema polimérico mejora
significativamente la eficacia del fdrmaco convencional contra la linea MDA-MB-231 de cancer de

mama triple negativo.??®

Por otro lado, tras la validacién del anterior estudio, se ha desarrollado un nanodispositivo
terandstico para el cancer de mama triple negativo trifuncionalizado con: (i) el fluoréforo cianina 7
(Cy7) como agente para monitorizar las NPs; (ii) doxorrubicina como agente terapéutico; y (iii) un
péptido orientador especifico contra la proteina neuropilina-1, sobreexpresada en cancer de mama
triple negativo, para el direccionamiento especifico del nanosistema. La validacion del nanosistema

se llevé a cabo tanto in vitro como in vivo.'

Este tipo de nanosistemas se ha llevado a cabo utilizando estrategias quimicas que pueden
extrapolarse a otras aplicaciones, pudiendo servir de base para la creacion de nuevas y potentes

herramientas para la medicina de precisidon contra el cancer.
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2. Objectives

This thesis presents a new antitumor treatment strategy based on the development of inhibitors of

the HA-CD44 interaction and its selective release by nanotechnology.

Objective 1. To develop novel small-molecule inhibitors of the HA-CD44 interaction.

It is proposed to develop a series of heterocyclic structures derived from THIQ that reach the HA
binding pocket, particularly subsites 4 and 5, (Figure 26) and that can directly compete for HA
binding. Particularly, to study the influence on the biological activity of the inclusion of bulky groups

or alkyl chains as well as the presence of different substituents in the THIQ scaffold.
1.1. To design and synthesize three new series of THIQ derivatives.

1.2. To characterize the synthesized structures using nuclear magnetic resonance spectroscopy

(NMR) H-NMR and ¥C-NMR, high-resolution mass spectrometry (HRMS) and analytical HPLC.

(A)

HA
Binding Groove
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i

Figure 26. (A) Overview of CD44-HABD three-dimensional structure where the HA binding groove and THIQ
binding site are located. (B) General structure of the designed target compounds.

67



Jose Manuel Espejo Roman

Objective 2. To evaluate the activity of target compounds against cancer cells.

It is proposed to carry out a set of biological assays in order to determine the effect of the

synthesized compounds on CD44+ cancer cells.
2.1. To study the antiproliferative effect of the synthesized compounds using fluorescent techniques.
2.2. To determine the apoptotic effects of the selected compounds by flow cytometry.

2.3. To study the effect of the most potent compound in a three-dimensional cancer model using

microscopy and fluorescence-based techniques.

Objective 3. To analyze the interaction of the selected compounds with CD44.

Using cell- and protein-based studies, it is proposed to determine the interaction of the selected

compounds with CD44.

3.1. To determine the effect of the selected compounds on the inhibition of the HA-CD44 interaction

in CD44+ cancer cells by flow cytometry.

3.2. To analyze the interaction of the selected compounds with the CD44-HABD using computational

techniques.

3.3. To study the interactions of the selected compounds with the CD44-HABD by STD NMR

spectroscopy.

3.4. To validate the DMR assay for the in vitro characterization of standard and novel CD44 ligands.

Objective 4. To develop a novel anticancer therapy based on an HA-CD44 interaction

inhibitor loaded on polymeric NPs.

Polystyrene nanospheres are used as solid support due to their remarkable cellular compatibility and
easy functionalization to deliver HA-CD44 interaction inhibitors. pH-sensitive strategies or enzymatic

hydrolysis are used for the controlled and selective release of therapeutic agents (Figure 27).
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Figure 27. Schematic overview of the proposed strategy. Release of the THIQ inhibitor bound to the NPs and
subsequent therapeutic activity by its binding to CD44.

4.1. To synthesize and characterize a polymeric nanosystem conjugated to a selected inhibitor.

4.2. To evaluate the efficacy of the nanosystem in terms of (i) ability of releasing the inhibitor and (ii)

effects towards cancer cells.
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3. Results and discussion

3.1. N-Aryl THIQ derivatives as HA-CD44 interaction inhibitors: design, synthesis,

computational studies and antitumor effect

3.1.1. Molecular design and docking studies

It is possible to envisage derivatives incorporating the THIQ pharmacophore that extend further into
the HA binding groove (Figure 28A). The selectivity of THIQ derivatives will be achieved by adding
substituents to different positions in THIQ moiety. Specifically, the substituent in position 2 is an

aromatic ring that is linked to the THIQ by a methylene or sulfonyl group (Figure 28B and Table 1).

Thus, a first series of twenty-eight N-aryl THIQ derivatives (JEla-JE1lg, JE2a-JE2g, JE3a-JE3g and JE4a-
JE4g) was designed and synthesized. These structures include non-substituted THIQ (JE1), 5-amino
THIQ (JE2), 8-amino THIQ (JE3) and 6,7-dimetoxy THIQ (JE4) derivatives (Figure 28B and Table 1). The
aromatic moiety encompasses phenyl (a), p-nitrophenyl (b and f), p-bromophenyl (c), p-

trifluoromethylphenyl (d), 3,4,5-trimetoxyphenyl (e) and p-methylphenyl (g).

(A) | (B)
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Figure 28. Design of the target compounds. (A) Molecular docking studies showing the proposed structures in
the THIQ binding site close to the HA binding groove of CD44-HABD. (B) General chemical structure of the
designed compounds.

71



Jose Manuel Espejo Roman

First, docking studies were carried out to validate the initial hypothesis and the results demonstrated
that the twenty-eight designed compounds occupy both the THIQ and HA binding sites (Figure 28).
The computational studies have been carried out in collaboration with the research group of Prof.

Domene at the University of Bath.

Table 1. Chemical structures of the target compounds.

Rs Ra
Re Ry
g
R; Rs
Rg

Compound Rs Rs R; Rs linker Ry Ry Ry
JEla H H H H CH; H H H
JE1lb H H H H CH; H NO; H
JElc H H H H CH; H Br H
JE1d H H H H CH, H CF; H
JEle H H H H CH, OCHs  OCH; OCHs
JE1f H H H H SO, H NO; H
JElg H H H H SO, H CHs H
JE2a NH; H H H CH, H H H
JE2b NH; H H H CH; H NO; H
JE2c NH; H H H CH, H Br H
JE2d NH; H H H CH, H CF; H
JE2e NH; H H H CH; OCH; OCHs; OCHs;
JE2f NH; H H H SO, H NO; H
JE2g NH, H H H S0, H CHs H
JE3a H H H NH; CH, H H H
JE3b H H H NH; CH; H NO; H
JE3c H H H NH; CH; H Br H
JE3d H H H NH; CH; H CFs H
JE3e H H H NH; CH; OCH; OCHs; OCH3
JE3f H H H NH; SO, H NO, H
JE3g H H H NH, S0, H CHs H
JE3h H H H p-NO,PhNH CH; H NO, H
JE3i H H H p-CFsPhNH CH; H CFs H
JE4a H OCH: OCH3 H CH; H H H
JE4b H OCHs OCHs H CH, H NO; H
JE4c H OCHz OCHs H CH, H Br H
JE4d H OCHs OCHs H CH, H CFs H
JE4e H OCHs; OCH3 H CH; OCHs  OCH; OCHs
JE4Af H OCHs; OCHs H SO, H NO; H
JE4g H OCHs; OCH3 H SO, H CHs H
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3.1.2. Chemical synthesis

One of the advantages of the proposed compounds is the small number of steps required to produce
them from readily available and low-cost starting materials that ensure large-scale synthesis with

low manufacturing costs.

The THIQ scaffold was achieved either by reduction of the 5-amino (16) and 8-amino (17)
isoquinolines using platinum oxide (PtO) as catalyst (i, Scheme 3)?*® or using commercially available
THIQ (20) and 6,7-dimethoxy THIQ hydrochloride (21). The 5 and 8-amino THIQs (18 and 19) were

obtained with a yield of 56% and 48%, respectively.

The target compounds (JE1-JE4) were synthesized by alkylation of the nitrogen atom of the THIQ
with the corresponding aryl methyl (ii, Scheme 3) or aryl sulfonyl halide (iii, Scheme 3). The reaction

was carried out in dichloromethane (DCM) or absolute EtOH using triethylamine (TEA) as the base.

sl

16 R5= NH2, R8= H 18 R5= NH2, R8= H
17 R5= H, R8= NHZ 19 R5= H, R8= NH2
Rs Ry

Py Y
< &
ZE<
X Y
& FS
+

Rs (ii) JE1a-JE1e, JE2a-JE2e, JE3a-JE3e,
JE4a-JEde

NH JE3h-JE3i

(ii)
\ PP

18 R5= NH2, R6=R7=R8= H
19 R5=R6=R7= H, R8= NH2
20 R5=R6=R7=R8= H

21 R5=R8= H, R6=R7= OCH3

Rs

Py Py
< &
z5<
Q, ;
§
O 2
Py
Sy

JE1f-JE1g, JE2f-JE2g, JE3f-JE3g,
JE4f-JE4g

Scheme 3. Synthesis of compounds JE1-JE4. Reagents and conditions: (i) Hz2, PtO, AcOH, H2S04 96%, rt, 55 psi,
24 h; (ii) Method a: aryl methyl halide, TEA, DCM or EtOH, 0 °C 10 min, rt 3 h or 20 h, for compounds JEla-
JEle, JE2a-JE2e, JE3a-JE3e; Method b: (21, TEA, EtOH, rt 1 h), aryl methyl halide, TEA, rt 3.5 h, for compounds
JE4a-JE4d, 20 h for JE4e; (iii) Method a: aryl sulfonyl halide, TEA, DCM or EtOH, 0 °C 10 min, rt 1 h or 3 h, for
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compounds JE1f-JE1g, JE2f-JE2g and JE3f-JE3g; Method b: (21, TEA, EtOH, rt 1 h), aryl sulfonyl halide, TEA, rt
3.5 h for JE4f-JE4g.

The synthesis of compounds JEla-JEle was achieved following the methodology described for
JE1a.?*® The reactions were carried out in DCM using two equivalents (eq.) of 20 for each eq. of the
corresponding aryl methyl halide to avoid the formation of the quaternary ammonium salt as a
product of the N-dialkylation of THIQ. The reaction time was 20 h and the target products were

obtained with an average yield of 73%.

The sulfonyl derivatives JE1f and JE1g were obtained using 1 eq. of 20 and 1.2 eq. of the sulfonyl
halide in DCM as described for JE1g?*° since the quaternary ammonium salt cannot be formed. 1.2
eq. of TEA was used as the base. The reaction takes place in 1 h due to the higher electrophilicity of

the halide. The average yield is 81%.

To dissolve the 5-amino (18) and 8-amino (19) THIQ reagents, the solvent used in the synthesis of
the amino THIQ derivatives (JE2a-JE2e and JE3a-JE3e) was absolute EtOH. Despite using 1 THIQ eq.
per halide eq., quaternary ammonium salts were not isolated and the average yield was 60% (vs.
73% for compounds JEla-JEle). Only the dialkylated products at the exocyclic N in position 8 (JE3h
and JE3i) were isolated in the reactions. For compounds JE2a, JE2b, JE2d, JE3a and JE3c the reaction
time was 3 h but in the case of JE2c, JE2e, JE3b, JE3d and JE3e the reaction is not completed until 20
h. Sulfones f and g were obtained with an average yield of 86% using the same conditions as for JE2

and JE3. The reaction time for these 4 compounds (JE2f, JE2g, JE3f and JE3g) was 3 h.

Finally, derivatives JE4 were obtained following the reported protocol for JE4a.?®! First, the
hydrochloride of 6,7-dimethoxy THIQ (21) (1 eq.) reacts with 1 eq. of TEA in absolute EtOH for 1 h to
get the free base of THIQ. Then, the corresponding halide (1 eq.) and another eq. of the base were

added. The reaction time was 3.5 h (except JE4e, 20 h) and the average yield is 63%.

3.1.3. Biological evaluation

To evaluate the potential CD44 mediated antitumoral activity of this series of compounds, two
CDA44-overexpressing tumor cell lines were initially selected, the breast adenocarcinoma MDA-MB-

231 and the epithelial lung carcinoma A549 cell lines.

Flow cytometry studies using an anti-CD44 antibody labelled with fluorescein (anti-CD44-FITC)
showed that both cell lines overexpress CD44 as previously reported.?*"%>* Thus, the analysis of the
CD44 expression confirms the suitability of these cell lines to test the cytotoxic effect of HA-CD44
inhibitors. Human embryonic kidney-derived non-cancerous HEK-293 cells, with no CD44 expression,

were used as negative control (Figure 29).
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and Figure 30.
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Figure 29. Evaluation of CD44 expression by flow cytometry in A549 and MDA-MB-231 cells. Bar graph showing
the mean fluorescence intensity (MFI) of cell lines after incubation with anti-CD44-FITC. HEK-293 cells were
used as negative control. Errors bars: +SD from n = 3; ****p < 0.0001 (ANOVA).

= HEK-293
1 Ab49

m MDA-MB-231

compoungs o S
JEla > 100 89.68 + 0.91
JE1b > 100 61.93+0.16
JElc 98.10+1.33 37.90+0.24
JE1d 67.91+0.95 45.15+1.22
JEle 19.75 £ 0.07 48.19+1.04
JE1f 51.52 £ 0.63 > 100
JElg > 100 > 100
JE2a > 100 >100
JE2b > 100 > 100
JE2c > 100 69.90 + 1.37
JE2d 70.12+0.11 50.87+0.43
JE2e 3.37+£0.08 5.35+0.12
JE2f > 100 > 100
JE2g > 100 > 100

Following the selection of suitable cell lines for this study, a screening of the thirty synthesized
compounds (JE1-JE4) was carried out as antiproliferative drugs against these two human cancer

cells. The obtained results for the antiproliferative effect of compounds JE1-JE4 are shown in Table 2

Table 2. Antiproliferative activities of the synthesized compounds JE1-JE4 against MDA-MB-231 and A549 cells.
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JE3a > 100 > 100
JE3b > 100 > 100
JE3c 77.07 £0.06 48.74 +0.22
JE3d 52.15+0.19 42.17 +1.14
JE3e 57.44 £ 0.54 72.42 £0.87
JE3f > 100 > 100
JE3g > 100 > 100
JE3h 84.84 +1.65 > 100
JE3i 30.81+£0.08 42.37+£0.26
JE4a > 100 > 100
JE4b > 100 > 100
JE4c > 100 43.11+0.87
JE4d 97.07 £1.98 70.07 £1.09
JEde 70.32£0.51 77.73+£0.48
JE4f > 100 > 100
JE4g > 100 > 100
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Figure 30. In vitro antiproliferative screening of JE1-JE4. (A) Heatmap of the half maximal efficacy
concentration (ECso) values of the target compounds tested after 5 days of treatment in MDA-MB-231 and
A549 cells. Yellow colour indicates compounds with higher activity while dark colour indicates compounds with
lower activity. Data represent the mean values of three replicates. (B) Dose-response curves for JE2e against
MDA-MB-231 and A549 cells after 5 days of treatment. Error bars: +SD from n = 3. (C) Chemical structure of hit
compound JE2e.

In general, all the compounds showed similar activities in both cell lines (Figure 30A).

The most active compound JE2e shows an ECso of 3.97 uM in MDA-MB-231 cells (Figure 30B, C). This
compound presents a 3,4,5-trimethoxybenzyl substituent at position 2 of THIQ, CH; as linker and
NH, at position 5 of THIQ. Interestingly, all the compounds bearing the 3,4,5-trimethoxybenzyl (JEle,
JE2e, JE3e and JE4e) show antiproliferative activity in MDA-MB-231 cells (£ 70 uM). The amino group
at position 5 is essential for the biological activity since the non-substitution of the THIQ (JE1le), the
change of its position (JE3e) or the introduction of the methoxy group in positions 6 and 7 (JE4e)
lead to a significant decrease in the antiproliferative activity (JE2e>JEle>JE3e>JE4e, ECso MDA-MB-
231 = 3.97>19.75>57.44>70.32 uM respectively). These four compounds preserve the same pattern
of activity in A549 cells although with slightly lower values (JE2e>JEle>JE3e>JE4e, ECso A549 =
5.35>48.19>72.42>77.73 uM respectively).

The compounds that bear 4-trifluoromethylbenzyl (JEld, JE2d, JE3d and JE4d) show modest
antiproliferative activity in both cell lines with the best values in A549 (ECso MDA-MB-231 = 52.15-
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97.07 uM and ECso A549 = 42.17-70.07 uM). Likewise, the 4-bromobenzyl (JE1c, JE2c, JE3c and JE4c)
show a notable increase in activity against A549 cells (ECso MDA-MB-231 = 77.07-100 uM and ECs
A549 = 37.90-69.90 uM).

Surprisingly and interestingly, the subside product JE3i has antiproliferative activity in both MDA-
MB-231 and A549 cells (ECso MDA-MB-231 = 30.81 uM and ECso A549 = 42.37 uM).

Respect to the linker, compounds bearing sulfonyl group (JE1f, JE1g, JE2f, JE2g, JE3f, JE3g, JEAf and
JE4g) do not show antiproliferative activities (> 100 uM) except compound JE1f (ECso MDA-MB-231 =
51.52 uM) (Table 2 and Figure 30).

3.1.4. Hit to lead optimization

3.1.4.1. Molecular design, synthesis and antiproliferative activity

Taking as a model the structure of the hit compound (JE2e), it was decided to synthesize derivatives
that present different substituents at position 5 of THIQ but preserve the trimethoxybenzyl moiety
at position 2. Specifically, derivatives with OH and Br substituents (JE5 and JE6 respectively, Scheme

4) were synthesized in order to study the interactions of these groups in the THIQ binding pocket.

The 5-hydroxy THIQ acetate (23) was obtained by reduction of the 5-hydroxyisoquinoline?* (22)
(97%) while the 5-bromo THIQ (24) is commercially available as hydrochloride. Both THIQ salts (1
eq.) react with 1 eq. of TEA in absolute EtOH for 1 h and then, 1 eq. the 3,4,5-trimetoxibenzyl
chloride and 1 eq. of TEA were added (Scheme 4). The reaction time was 20 h and yields were 24%

and 74%, respectively.

OH OH
= (i)
_N - NH
22 23
Rs | Rs o~ ;
i N
NH — N o i
23R,=OH TTTTTrrommmmmmmmmmmmmenet
24 R5= Br JE5 R5= OH

JE6 Ry= Br

Scheme 4. Synthesis of compounds JE5-JE6. Reagents and conditions: (i) Hz2, PtO, AcOH, H2S04 96%, rt, 55 psi,
24 h; (ii) (23 for JE5 and 24 for JE6, TEA, EtOH, rt 1 h), 3,4,5-trimetoxibenzyl chloride, TEA, rt 20 h.
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Lead compounds JE5 and JE6 were evaluated in MDA-MB-231 cells since our CD44 expression

analysis shows higher levels in this line than in A549 one (Figure 29).

Both derivatives were more active than JE2e with ECso values of 0.79 and 1.77 uM, respectively
(Figure 31). Thus, the replacement of the amino in position 5 of the THIQ by either hydroxyl or
bromo substituent leads to a significant increase in the antiproliferative effect. Derivative JE6 is 2-

fold more active than hit JE2e, while lead compound JE5 is 4-fold more active.

OH o~
€ 1259 JES [i W [ IO\
-
£ 100 -~ JEG N o~
8
5 754 EC,, JE5: 0.79 uM
3
ﬁ 504
) o~
= ]
3 25 i O
(]
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Log [compound] (M) EC,, JE6: 1.77 uM

Figure 31. Dose-response curves of target compounds JE5 and JE6 against MDA-MB-231 cells after 5 days of
treatment. Error bars: £SD from n = 3.

3.1.4.2. Assessment of CD44-binding capacity

To validate target molecules JE2e, JE5 and JE6 as CD44 inhibitors, a competitive binding assay using
flow cytometry was performed. For this approach, a previously reported procedure was applied with
slight modifications.?*® As fluorescent ligand, fluorescein-labelled HA (HA-FITC), which has a high
capacity to bind the CD44 receptor was used. As shown in Figure 32, it was observed that pre-
treatment of overexpressing CD44 cells, MDA-MB-231, with JE2e, JE5 and JE6 (4 °C, 30 min, 120
pug/mL) caused a significant reduction of the fluorescent intensity ranging between 1.5 for
compound JE6 and 1.8-fold for compound JE2e, compared to HA-FITC-incubated cells (20 pg/mL).
These results suggest that these molecules displace HA-FITC binding (Figure 32) and are effective in

blocking HA-CD44 binding.
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Figure 32. HA-CD44 competitive assay. Mean fluorescence of MDA-MB-231 cells after treatment with JE2e, JE5
and JE6 for 30 min at 4 °C. Following the treatment, the cells were incubated for 15 min at 4 °C with HA-FITC
and analyzed by flow cytometry. Cells incubation with HA-FITC and HA not fluorescently labelled were used as
positive and negative controls, respectively. Errors bars: £SD from n = 3; ****p < 0.0001 (ANOVA).

3.1.4.3. Computational studies

Compounds JE5 and JE6 were subsequently docked on CD44-HABD as previously carried out for
JE2e. Molecular modelling results showed that compounds JE5 and JE6 bind CD44-HABD in a similar
way to compound JE2e. The THIQ moiety of the 3 compounds is located at the THIQ binding site,

while the trimethoxybenzyl group is placed and expanded along the HA binding site (Figure 33A).

The results of the docking study of the JE2e with CD44-HABD specifically show the formation of two
hydrogen bonds with the NH, group of position 5 of the THIQ. One of the hydrogen atoms of the NH;
presents a hydrogen bond with the oxygen of the backbone of Val30 with a distance of 2.3 A and an
angle of 108.4°. The other hydrogen can also form a hydrogen bond with the same oxygen of the
Val30 backbone (Figure 33B). Nevertheless, the angle of this second hydrogen bond is smaller than
the previous one (99.1°) with a distance of 2.5 A. In this case, the strongest bond is the first one,

because the smaller the bond angle, the lower the bond strength.?’

Concerning compound JE5, the oxygen of the OH group in position 5 of the THIQ moiety present a
hydrogen bond with the nitrogen of the Argl55 backbone. However, due to the angle (distance: 2.8
A, angle: 90.9°), the strength of this possible hydrogen bond would be lower than the one in JE2e
(Figure 33B).

Finally, compound JE6 that bears a bromo atom in position 5 of the THIQ do not show any

hydrophobic interactions with these residues (Figure 33B).

In relation to the trimethoxybenzyl substituents, JE2e and JE5 position this moiety in a similar
manner in the HA binding groove, while in JE6 this group is rotated to the left with respect to the

previous ones (Figure 33A).
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Figure 33. Molecular docking studies of JE2e, JE5 and JE6 with CD44-HABD. (A) Selected poses of compounds
JE2e, JE5 and JE6 in the THIQ binding site, expanding along the HA binding groove. (B) Individual selected
poses for each compound showing the formation of hydrogen bonds with the CD44-HABD residues.

The selected poses from the docking studies serve as the basis for molecular dynamics (MD)
simulations. As during docking, the receptor is rigid and the solvent is only explicitly considered, the

size of the conformational space sampled is limited. To correct some of these limitations, these

three systems were further subjected to MD simulations.

In all the replicas, comparable values to the resolution of the crystal structure were obtained for the
root mean square deviation (RMSD) of the backbone of the a-helical and B-sheet components of the

protein, indicating that the structure of CD44-HABD is structurally stable during the simulations.

Some shallow pockets in the neighbourhood of the initial binding site could accommodate the
trimethoxybenzyl group of the inhibitors JE2e, JE5, and JE6. In the simulations with JE2e, the ligand
leaves its original binding sites rather quickly. In the simulations with JE5, the ligand leaves in two of
the simulations while in the other three replicas, it remains to explore different areas of the protein
surface. When JE6 is considered, only in one occasion, the ligand departs from the protein surface
and returns to the surface of CD44-HABD after 75 nanoseconds (ns). In the cases of JE6 and JES, the
ligands occupy at times the space described to be occupied by HA, in particular, in the vicinity of

Argl55, Asn29 and Val30. This suggests a competition might be established between any of these

81



Jose Manuel Espejo Roman

ligands and the HA for this area of the protein when it comes to establishing intermolecular

interactions.

JE6 interacts via the trimethoxybenzyl ring with the protein through residue Argl55 and a cluster
formed by Glu41, Asn29 and Thr31, and alternately, with residues Cys81 and Thr80. Subsequently,
the contacts with Cys81 and Thr80 are lost, and the ligand remains attached to the protein only
through the interactions of the trimethoxybenzyl ring. As time progresses, other interactions with
nearby residues e.g. Glu41, Asn29 and Thr31 are established until the ligand finally loses contact
with the protein and departs to the solution or alternatively, wonders around returning to a position

similar to the original docking pose.

In the simulations of JE5, only in one replica out of five, after the initial departure from the surface
of the protein, the ligand returns and occupies a similar position at the initial docking pose. In all the
simulations, random excursions of the ligand to the protein surface are observed. In two of the

replicas, the interactions are similar to those described for JEG6.

In contrast, the JE2e ligand departs to the solution in the first 35 ns of all five replicas, and only in
one of them, it returns back to the protein surface protein establishing transient contacts with

different residues described in Table 3 and Figure 34.

Many of the interactions observed between each of the three ligands and the protein are identical

and the only apparent difference is the length of such interactions (Table 3 and Figure 34).

Argl55, Val153, Asn29,
Asp156, Asn154, Gly157,
Arg159, Val30 and Thr31

Figure 34. Location of the cluster (in blue) composed by the nine residues found in the three systems
considered that establish interactions with JE2e, JE5 and JE6. The cluster is depicted in the structure from PDB
ID: 5BZK. Once the dynamics is considered, the movement of the protein side chains and loops displace the
cluster closer to where the HA is observed.
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Table 3. Contacts between the protein and each ligand examined over a combined trajectory of all the five
replicas. A contact between the protein and the ligand is considered when any atom of the protein is closer
than a 4 A cut-off distance to any atom of the ligand. The percentage corresponds to the amount of simulation
time when the contact is observed. Only those contacts observed > 10% of the simulation time are reported.
Argl55, Vall53, Asn29, Asp156, Asn154, Gly157, Argl159, Val30 and Thr31 are the nine residues of the protein
found to establish interactions with all the three ligands studied; some of these interactions are the most
lasting ones of those established during the simulations.

JE2e 4A JES 4A JE6 4A
PROA-ARG-155 21% PROA-ARG-155 23% PROA-ARG-155 57%
PROA-VAL-153 18% PROA-THR-31 19% PROA-VAL-153 47%
PROA-ASN-154 17% PROA-ASP-156 19% PROA-ASN-29 45%
PROA-ASN-29 17% PROA-ASN-29 18% PROA-ASP-156 42%
PROA-VAL-30 15% PROA-ASN-154 18% PROA-ASN-154 38%
PROA-GLY-157 15% PROA-VAL-153 18% PROA-GLY-157 35%
PROA-ASP-156 14% PROA-VAL-30 18% PROA-ARG-159 31%
PROA-ARG-159 13% PROA-GLY-157 18% PROA-VAL-30 25%
PROA-VAL-137 12% PROA-GLU-41 16% PROA-THR-31 23%
PROA-THR-31 11% PROA-HSD-39 16% PROA-GLU-41 21%
PROA-PRO-141 11% PROA-ARG-50 16% PROA-LYS-71 15%
PROA-PHE-60 11% PROA-PHE-85 14% PROA-ASP-27 15%
PROA-ASN-125 10% PROA-ARG-159 14% PROA-LEU-72 15%
PROA-ASP-139 10% PROA-LEU-64 14% PROA-SER-75 15%
PROA-LEU-111 10% PROA-ALA-54 13% PROA-ASN-43 14%
PROA-PHE-38 10% PROA-ALA-53 13% PROA-LEU-74 14%

PROA-CYS-57 13% PROA-GLY-107 13%
PROA-TYR-119 11% PROA-LYS-42 13%
PROA-LEU-111 10% PROA-ARG-94 12%
PROA-ILE-95 12%
PROA-ASP-68 12%
PROA-THR-106 11%
PROA-ARG-45 10%

3.1.4.4. Apoptotic studies

To investigate the mechanism of action by which compounds JE2e, JE5 and JE6 exert their antitumor
effect, their apoptotic activity was evaluated. Annexin V/propidium iodide (Pl) staining was used to
determine viable, necrotic and apoptotic cells. ECso and ECso times two were the concentrations at
which the selected compounds were tested on the CD44+ MDA-MB-231 cancer cell line. After 24 h
of treatment, cells were labelled for further analysis by flow cytometry. No significant apoptotic
effect was observed at both concentrations of the compounds compared to the positive control
(H20,, 2 mM) (Figure 35). These results suggest that apoptosis is not the mechanism by which these

compounds exert their antiproliferative effect.
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Figure 35. Effect of JE2e, JE5 and JE6 on MDA-MB-231 cell apoptosis. Representative scatter plots of Pl (y-axis)
versus FITC (x-axis) of cells after treatment with JE2e, JE5 and JE6 (ECso and 2 x ECso) for 24 h. The cells were
analyzed after double staining with Annexin V-FITC/PI by flow cytometry. Dot plots of H202 (2 mM, treatment
of 4 h) and untreated cells were represented as the positive and negative control, respectively. Q1-4 quadrants
represent necrotic (Annexin V-FITC-, Pl+), late (Annexin V-FITC+, Pl+), and early (Annexin V-FITC+, PI-)
apoptotic and viable (Annexin V-FITC-, PI-) cells, respectively.

3.1.4.5. Three-dimensional cancer model evaluation

Three-dimensional spheroids are established models for evaluating bioactive compounds as they
resemble the complex tissue environment and architecture found in tumors.?>® After a first screening
in 2D monolayer cultures, the effect of lead JE5 was evaluated using these 3D models. To this end,
MDA-MB-231 cells were cultured in 3D spheroids and treated with JE5 at a range of concentrations
(1-100 uM) for 5 days. Dimethyl sulfoxide (DMSQO) was used as negative control. As shown in Figure
36A, the exposure to JE5 altered the integrity of MDA-MB-231 spheroids even at the lowest
concentration tested (1 pM) with a high number of dead cells detached from the spheroid core. A

complete disaggregation was observed after 5 days of treatment with 100 uM.

Additionally, the MDA-MB-231 spheroid viability was monitored (Figure 36B). Treatment with JE5
significantly reduces the viability compared to DMSO. This decrease in viable cells occurs in a dose-

dependent manner.
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Figure 36. MDA-MB-231 spheroids assay. (A) Images of spheroids treated with DMSO and JE5 (1, 10 and 100
UM) at time zero (top) and after 5 days (bottom) of treatment. Scale bar: 100 um. (B) Quantification of the
spheroid viability after 5 days of treatment with JE5 (1, 10 and 100 uM). DMSO was used as a control. Errors
bars: #SD from n = 3; **p < 0.01, ****p < 0.0001 vs. control group (ANOVA).
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3.2. Design and synthesis of 3-(indacen-4-ylcarbamoyl)-2-arylsulfonyl THIQ derivatives as

antiproliferative agents

3.2.1. Molecular design

The synthesis of the compounds was carried out as part of the international training research stay at
the Department of Chemical and Pharmaceutical Sciences of the University of Ferrara under the

supervision of Prof. Preti.

The B series bears the THIQ scaffold and includes two bulky substituents at its 2 and 3 positions in
order to block HA binding to CD44-HABD by steric hindrance (see Figure 26, section 2). Thus, sixteen
target compounds featuring the arylsulfonyl moiety at position 2 and the indacenyl carboxamide at
position 3 of the THIQ have been synthesized (Figure 37A). A reported inhibitor of inflammasome
NLRP3 (MCC950, Figure 37B) that contains the bulky substituent indacenyl carboxamide decreases

the expression of CD44 in head and neck squamous cell carcinoma cell lines.?®

(A) Non-amine derivatives (B)
JE7 R=CN
JE8 R= OMe
JE9 R= CF3
JE10 R= COOMe
JE11a R=F (s)
NH JE11b R=F (as)
JE12 R= COOH o H
o0 e W NH
N_ 7z

JE13 R= Dimethylamine
S JE14 R= Piperidine

Seat JE15 R= Morpholine
JE16 R= Benzylamine
JE17 R= Diethylamine
JE18 R= Methylpiperazine
JE19 R= Boc-piperazine
JE20 R= Ethylamine
JE21 R= Piperazine
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JE7-JE21 MCC950

Figure 37. (A) General structure of the compounds JE7-JE21. (B) Chemical structure of the NLRP3 inhibitor
MCC950.

The substituent at the para position of the arylsulfonyl moiety includes nitrile (JE7), ether (JE8),
fluoro derivatives (JE9, JE11la and JE11b), ester (JE10), acid (JE12) (non-amine derivatives) and a

large group of amine derivatives (JE13-JE21) (Figure 37A) in order to study and compare the
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interactions with the CD44-HABD residues of the different amines and substituents of the rest of the

structures of this series.

Target compounds (JE7-JE21) have not been previously reported then full characterization has been
carried out. Intermediate compounds (25-47) have been characterized by 'H NMR and mass

spectrometry (see Materials and Methods, section 4.3).

3.2.2. Chemical synthesis

3.2.2.1. Synthesis of indacenamine intermediate 30

The synthetic methodology used to prepare indacenamine 30 is detailed in Scheme 5.

o o
25 26 27

_________________

NO, o o 5 NH, 5
(i) C©i§ iv) E
— + _ !
Nno,
28 29 30

Scheme 5. Synthetic route for the preparation of indacenamine 30. Reagents and conditions: (i) 3-
chloropropanoyl chloride, AlCl3, DCM, - 10 °C, rt 16 h; (ii) H2S04 96%, 55 °C, 16 h; (iii) H2S04 96%, HNO3 70%, 0
°C, 2-3 h; (iv) Pd(OH)2/C, Hz2, methanesulfonic acid (MSA), MeOH, rt 24 h.

The preparation of intermediate 30 was carried out in four synthetic steps by adapting the protocol
described by D. Savka et al.?®® with slight modifications. Firstly, the indane 25 was converted into
propanone 26 via Friedel-Crafts acylation using 3-chloropropanoyl chloride, AlCl; as catalyst and
DCM as solvent. Then, intermediate 26 was cyclized by heating in H,SO4 96% to afford ketone 27.
Nitration of compound 27 with H,SO4 96% and HNO3; 70% acid gave the nitroketones 28 and 29 that
were finally reduce to the target indacenamine 30 by hydrogenation using palladium hydroxide on

carbon (20% wt) as catalyst system in MSA and MeOH.

Besides the synthesis of indacenamine 30 shown in Scheme 5, it is interesting to note that its
asymmetric isomer 34 can also be obtained.?®! Scheme 6 shows the synthesis of both isomers of
indacenamine (30 and 34). Briefly, when ketone 27 was formed after the cyclization of chloroketone

26 by heating with H,S04(51% yield), the formation of asymmetric regioisomer 31 was also observed
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with a yield of 20% (both compounds were chromatographically isolated). Subsequently, nitration of
the ketones 27 and 31 gave rise to the symmetrical nitro isomers 28 and 29 and asymmetrical nitro
isomers 32 and 33, respectively. Finally, by reducing both isomeric mixtures, the symmetrical 30 and
asymmetrical 34 indacenamines were obtained separately. Asymmetrical intermediate 34 was used

to obtain one of the products (JE11b). The average yield of the nitration and reduction steps was

55%.
(0]
Cl
26
Cyclization
' Nitration
N02 O O
Os5N
n
N02
32 33
I | | |
Reduction l

C@ 5o

Scheme 6. Detailed synthetic route for the obtention of isomers 30 and 34.

3.2.2.2. Synthesis of non-amine compounds JE7-JE12

Target compounds JE7-JE12 were prepared through a two-step synthetic approach using as starting

material commercial 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid 35 (Scheme 7).
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Scheme 7. Synthesis of compounds JE7-JE12. Reagents and conditions: (i) Tetrahydrofuran (THF), H20, K»COs3,
rt 30 min; (ii) 30 (34 for JE11b), HATU, DIPEA, DMF, 0 °C, rt 1h; (iii) LiOH, MeOH, H:0, rt 24 h.

Nucleophilic substitution between THIQ 35 and the appropriate arylsulfonyl chloride derivative 36-
40 using K,COs as base and THF/H,0 as solvents gave arylsulfonyl THIQ carboxylic acid intermediates
41-45 with an average yield of 55% (i, Scheme 7). During the optimization of the reaction conditions,
it was observed that K,COs; (a stronger inorganic base than NaHCOs;) allowed the complete
deprotonation and dissolution of the THIQ carboxylic acid, which improved the reactions compared
to when NaHCO; was used. Carboxamides JE7-JE11 were obtained through a coupling reaction of
analogs 41-45 with indacenamine 30 using HATU as coupling reagent and DIPEA as base in DMF
(compound JE11b was afforded using asymmetric indacenamine 34) (ii, Scheme 7). The reaction

time was 1 h and the targets compounds were obtained with an average yield of 41%. In addition,
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the saponification?? of ester JE10 using LiOH as a base in MeOH and water afforded carboxylic acid

JE12 (56% vyield) (Scheme 7).

For the preparation of intermediate 44, methyl ester 39 previously synthesized from commercially
available benzoic acid 46, was used. As shown in Scheme 8, chlorination of 46 under reflux using
thionyl chloride in dichloroethane (DCE) and subsequent esterification of acyl chloride 47 in MeOH

gave the desired methyl benzoate 39 (73% yield).2%3

) ) 0]
CI\S// (i) CI\S// (ii) CI\S//

O//
OH

O O (0]
46 47 39

Scheme 8. Synthesis of intermediate 39. Reagents and conditions: (i) SOCl,, DCE, reflux, 1 h; (ii) ice-cold
MeOH/ H20, 0 °C 5 min, rt 10 min.

3.2.2.3. Synthesis of amine compounds JE13-JE21

Fluoro carboxamide JE11a was used as the starting material to generate the amine derivatives JE13-

JE21 through a nucleophilic substitution (Scheme 9).

When the reactions were carried out with DMF, we found that although the target products were
formed, the by-product JE13 was also obtained as the mayor product (57%), due to the DMF
degradation at high temperature into dimethylamine (Scheme 9).2%* Therefore, the solvent was
changed to avoid the formation of by-products that would decrease the yield and make the
purification of the compounds more difficult. An attempt was made to carry out the reactions with
piperidine and morpholine using dioxane, but the result was not good as this solvent did not allow
the formation of the target products. In contrast, when DMSO was used as the solvent to carry out

the reactions, it proved to be the optimal solvent allowing high yields to be obtained.

Thus, compounds JE14-JE20 were provided by the reaction of derivative JE11a with different primary
and secondary amines using DMSO at 120 °C obtaining an average yield of 83%. Additionally,
piperazine JE21 was synthesized by treating the Boc-protected amine JE19 with a solution of HCl 4N

in dioxane in good yield (52%) (Scheme 9).
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Scheme 9. Synthesis of amine compounds JE13-JE21. Reagents and conditions: (i) DMF, 120 °C 10 h; (ii)
Corresponding amine, DMSO, 120 °C 1-24 h; (iii) HCI 4N in dioxane, rt 30 min.

3.2.3. Antiproliferative studies

The antiproliferative activity of target compounds JE7-JE21 was evaluated against the CD44+ MDA-
MB-231 cancer cell line. Cell viability was performed using PrestoBlue™ assay after treating cells
with JE7-JE21. Each compound was tested in a range of concentrations from 0.01 to 100 uM for 5

days (Table 4 and Figure 38).

Table 4. Antiproliferative activities of the compounds JE7-JE21 against MDA-MB-231 cells.

Compounds R EC,, (uM)
JE7 CN 39.43+0.54
JE8 OMe 6.51+0.08
JE9 CF; 42.23£1.95
JE10 COOMe 12.35+0.46
JE1la F(s) 6.02+0.29
JE11b F (as) 11.37+0.18
JE12 COOH 85.85 + 1.05
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JE13 Dimethylamine 19.15+0.30
JE14 Piperidine 46.88 £+ 0.77
JE15 Morpholine 31.05+0.54
JE16 Benzylamine > 100

JE17 Diethylamine 17.81 £ 0.33
JE18 Methylpiperazine 5.47 £ 0.08
JE19 Boc-piperazine > 100

JE20 Ethylamine 15.43 £ 0.66
JE21 Piperazine 4,11 +0.05

All compounds show ECso values < 100 uM, except benzylamine JE16 and Boc-protected piperazine

JE19.

The four most potent compounds (< 10 uM) are JE8, JE11a, JE18, and JE21, which show an activity of
6.51, 6.02, 5.47 and 4.11 uM, respectively. The amine derivatives JE18 and JE21 have in common the
presence of the piperazine group at the para position of the arylsulfonyl moiety. This indicates that
when piperazine is protected with the Boc group (compound JE19), it results in a significant decrease
in activity. Methoxy (JE8) and fluorine (JE1lla) compounds also present high biological activities.
Interestingly, the asymmetric isomer with fluorine (JE11b) is shown to be half as active (11.37 uM) as

its symmetric isomer.

Among the compounds with activity from 10 to 20 uM, the ester JE10 with an activity of 12.35 uM

stands out. Furthermore, the acyclic amines JE13, JE17 and JE20 show similar activities.

The analogs with activity between 30 and 50 uM, it is worth mentioning that the morpholine
derivative (JE15) with an ECso of 31.05 uM. Compounds JE7 (-CN), JE9 (-CFs), and piperidine JE14
present ECsovalues of 39.43, 42.23, 46.88 uM, respectively (Table 4 and Figure 38).
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Figure 38. Heatmap of ECso values of the final compounds tested. Yellow colour indicates compounds with
higher activity while dark colour indicates compounds with lower activity. Data represent the mean values of
three replicates.

In summary, the non-amine compounds that show the most activity are the fluorine, methoxy and
ester analogs (JE11a>JE8>JE11b>JE10, ECso MDA-MB-231 = 6.02>6.51>11.37>12.35 uM respectively).
Furthermore, if we analyze the best biological activities of the amine compounds, we can conclude
that the piperazine-containing analogs are the most active, followed by the compounds bearing
acyclic amines (JE21>JE18>JE20>JE17>JE13, ECso MDA-MB-231 = 4.11>5.47>15.43>17.81>19.15 uM
respectively) (Figure 39).

_ 1254 o JE8 125+ -~ JE13
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£ 100- 3 = JElla £ 1004 . i:;g
K JE11b i \ - JE21
Z 751 = 754
T T .
s FCy,JE8: 6.51 1M E FCyoJE13:19.15uM
] 501 EC5JEL0:12.35uM & 50 EC5pJE17:17.81pM
g EC,,JE11a:6.02 uM E FC,pJE18:5.47 UM
< 251 ECspJEL1b:11.37yM S 254 o [EC5oJE20:15.43 1M
a ] a ECsoJE21:4.11 UM
2 s
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Figure 39. Dose-response curves of most active analogs on MDA-MB-231 cancer cell line. Non-amines
compounds are shown on the left, and amine derivatives are on the right. Error bars: +SD from n = 3.
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To determine the inhibition capacity of the HA-CD44 interaction, compounds that show the highest
biological activity will be tested by the competitive binding assay using flow cytometry previously
used in the previous section. Other cell-based assays, such as apoptosis or spheroid viability, can also
be accomplished to further investigate the mechanism by which they exert their antiproliferative

activity.
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3.3. Design, synthesis and biological evaluation of an HA-CD44 interaction inhibitor loaded

on polymeric NPs

3.3.1. Design, synthesis and biological evaluation of N-alkyl THIQ derivatives

As described in section 1.6.6.6, 6 showed a significant affinity for the isolated protein CD44-HABD.!%°
Thus, the C series containing the THIQ moiety and an alkyl chain was designed in order to study how

it can intervene with HA-CD44 interaction.

Four compounds with an alkyl chain at position 2 of THIQ have been synthesized. The alkyl chain
bears different functional groups, including, methylketone (JE22), methylester (JE25), methanoic

acid (JE24) or methylalcohol (JE23). The reported methylester 6 (JE25) has also been included in this

JE22 R=COMe
©© JE23 R= CHOHMe
N RO JE24 R=COOH

tee JE25 R=COOMe

series (Figure 40).

JE22-JE25

Figure 40. General structure of the N-alkyl THIQ derivatives JE22-JE25.

Furthermore, based on the broad expertise of our group in the functionalization of NPs for the
selective delivery of biomolecules,83184216.226227.238 the 3im was to implement a nanotechnology
strategy to enhance the efficiency of the THIQ derivatives targeting CD44 to achieve a potential

antitumor treatment.

Ester functional group of the reported CD44 inhibitor (JE25, Figure 40)'® was replaced by an ketone
(JE22), alcohol (JE23) or acid (JE24) (Figure 40) to allow the conjugation to the nanospheres via the
acid pH-sensitive hydrazone bond (JE22) or by ester-type bond (JE23 and JE24). These nanodevices
selectively release these THIQ derivatives as specific inhibitors of the HA-CD44 interaction by the

acidic tumor microenvironment or through the effect of esterase enzymes (see Figure 27, section 2).

The initial preparation of compound JE22 was carried out following the protocol described in the
previous work of K. Jones et al. with slight modifications.?*> Compound JE22 was obtained through a
Michael reaction between THIQ 20 and methyl vinyl ketone 48 using DCM as solvent and CuBr (l) as

a catalyst. The reaction time was 64 h at rt and the yield obtained was 76% (Scheme 10).
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Scheme 10. Synthesis of compound JE22. Reagents and conditions: (i) CuBr (1), DCM, 0 °C 5 min, rt 64 h.

Although the compound was obtained with a good yield (76%), another methodology was also
employed to reduce the reaction time. Compound JE22 was therefore synthesized via nucleophilic
substitution between THIQ 20 and B-haloketone 49 during 5 h at rt. TEA was used as a base and
DCM as solvent.?*® The reaction yield was 100%, thus resulting in a significant improvement over the

previous methodology.

This procedure was used to obtain the other derivatives (JE24 and JE25) in this series. THIQ
alkylation was performed with B-haloacid 50 for JE24 and with B-haloester 51 in the JE25 case. For
compound JE24, the methodology was the same except for the solvent used, which was absolute
EtOH to improve the solubility of the reaction. The reaction time for compound JE24 was 3 h and for
compound JE25 was 20 h. The average yield obtained was 73%. In addition, the reduction of ketone
JE22 gave rise to alcohol JE23 using NaBH, as reducing agent®®® in MeOH for 24 h at rt (86% yield)
(Scheme 11).

(i)
@O\IH # xR g

:

20 49 R= COMe, X= Cl
50 R= COOH, X= | JE22 R= COMe iy
51 R= COOMe, X= Br JE23 R= CHOHMe <] ()

JE24 R= COOH
JE25 R= COOMe

Scheme 11. Synthesis of compounds JE22-JE25. Reagents and conditions: (i) TEA, DCM (absolute EtOH for
JE24), 0 °C 5 min, rt 5 h for compound JE22, 3 h for JE24 and 20 h for JE25; (ii) NaBH4, MeOH, rt 24 h.

In the search for analogs with antitumor activity, cell viability assays were first carried out on CD44+
MDA-MB-231 cancer cell line to determine the antiproliferative activity of the target compounds.
Cell viability was performed using PrestoBlue™ reagent after treating cells for 5 days with
derivatives. Target compounds (JE22-JE25) were evaluated ranging 0.01 to 100 uM concentrations

(Table 5).
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Table 5. Antiproliferative activities of the target compounds JE22-JE25 against MDA-MB-231 cells. Data
represent the mean values of three replicates.

Compounds R EC,, (nM)
JE22 COMe 8+0.13
JE23 CHOHMe >100
JE24 COOH > 100
JE25 COOMe >100

Surprisingly, ketone JE22 is the only compound that shows significant activity (ECso = 8 uM), in
contrast to compounds JE23, JE24 and JE25 which present no activity. This indicates that the ketone
moiety is essential for the activity, whereas ester, acid or alcohol functional groups result in a

decrease in biological activity.

Given the results obtained, compound JE22 was therefore chosen for conjugation to NPs and further

biological studies.

3.3.2. Study of the effect of structural modification of THIQ on CD44 interaction by computational

studies

To assess whether the ketone does not affect the interaction with the CD44, a computational study
was performed. For this purpose, the protein-ligand interactions between the murine CD44-HABD
and JE22 at an atomist level were analyzed. MD simulations using the crystallized CD44-HABD with
JE25 derivative were performed using the same protocols after substituting one residue by the other
(Figure 41A,B). A typical setup of the MD simulations with an explicit solvent is shown in Figure 41A

for the protein with one of the ligands.

(A)

Figure 41. (A) Murine CD44-HABD in MSMS representation in white, and JE25 in Van der Waals representation
at the position where it is found in the crystal structure PDB id 5BZK, used as starting point of the MD
simulations. (B) Relative positions of JE22 and JE25 ligands at the start of the MD simulations. The JE22
molecule was aligned using the position of the JE25 ligand in the crystal structure PDB id 5BZK.

In all the runs, the RMSD of the Ca atoms of the a-helical and B-sheet components of the protein

from the original crystallographic structure attained comparable values to the resolution of the
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crystal and remained almost flat during the rest of the simulations, indicating that CD44 was

structurally stable (Figure 42).

JE22 system
(A1) Ca RMSD of the a-helical component (A2) Ca RMSD of the B-sheet component
3 3
T2 <2
2
=1 xl
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(B1) Ca RMSD of the a-helical component (B2) Ca RMSD of the B-sheet component
3 3
<2 <2
o ]
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z1 z1
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Figure 42. Evolution of the Ca RMSD deviation of different structural elements of CD44 from the initial
structure as a function of time for the system with (A) JE22 or (B) JE25. Contributions from the a-helical (A1 &
B1) and B-sheet (A2 & B2) components of the protein in each replica are shown in different colour.

The time evolution of ligand-protein interactions is presented in Figure 43 for each of the five
replicas considered for each of the two systems amounting to 2 ps of dynamics. It was found that
the behaviour of both ligands is similar and stabilized binding poses are observed only in a fraction

of the trajectories.
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Figure 43. Evolution in time of the minimum distance between any atom of the ligand, either (A) JE22 or (B)
JE25, and any atom of the binding site composed by Asn29, Thr31, Glu41, Thr80, Cys81, Arg82 and Argl55, for
each of the five replicas.

JE22 leaves its original binding site at a shallow pocket on the surface of CD44 in all the trajectories:
after 25, 40 and over 100 ns of dynamics and almost immediately in the remaining two replicas. The
ligand interacts via the benzyl ring with the protein through residue Argl55 and a cluster formed by
Glu41, Asn29 and Thr31, and on the other side with residues Cys81 and Thr80. Subsequently, the
contacts with Cys81 and Thr80 are lost and the ligand remains attached to the protein only through
the interactions of the benzyl ring. As time progresses, other interactions with nearby residues e.g.,
Glu4d1, Asn29 and Thr31 are established until the ligand finally loses contact with the protein and
departs to the solution. In the case of JE25, only in one replica, after the initial departure from the
protein surface, the ligand comes back and lands again in a similar position. In all the simulations,
random excursions of the ligand to the protein surface are recorded. The atomic interactions are

similar to those described for JE22 in one of the two main poses.

To characterize the influence of the ligand in the structure of the protein, the normalized probability
densities of the of the Ca atom RMSD of the protein from the original structure when any atom of
either ligand is found at less 3 A from the protein were computed (Figure 44). It can be observed
that the densities are almost identical in the case of the JE25 system, implying that the presence or
absence of the ligand at the binding pocket is not reflected in changes in the structure of the
protein. In the case of the system with the ketone THIQ derivative JE22, two populations are
characterized but like in the previous case, the overall shape of the distribution is identical with one
exception; a higher peak appears when JE22 is not interacting with the protein; analysis of the

trajectories indicates that this difference is not correlated to the presence or absence of the ligand.
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Figure 44. (A and B) Normalized probability density of the Ca RMSD of the protein with respect to the first
frame of the simulation, when any atom of either ligand is at less than 3 A (blue) from the protein or when the
ligand is further than 3 A from the protein (red). (C) Root mean square fluctuation (RMSF) values of the protein
using as a reference the starting frame of the simulation in the two representative situations described in (A).
The different structural elements are indicated in the horizontal bar above the RMSF data; helices are in blue,
loops, coils and turns in black, and B-sheet in yellow. The peak in red in (A) does not correlate with the
presence or absence of the ligand in the binding site; it is a result of the movement of some loop.

In order to further characterize the multiple poses observed in the MD trajectories of either ligand, a
cluster analysis was performed using principal component analysis (PCA) and the distances between
(i) the center of mass of the N and O atoms of JE22 or JE25 and (ii) the center of mass of N and O
atoms of residues Asn29, Thr31, Thr80, Cys81, Arg82, and Argl55. These residues are those that
have at least one atom within 3 A from the ligand at the beginning of the simulation. The data were
filtered, and only when the minimum distance between the protein residues and either JE22 or JE25
was less than 3 A, they were kept. Subsequently, a PCA was performed over the resulting
multidimensional matrix of distances. 95% of the variance of the data was explained with the sum of
the eight first principal components (PCs) (Figure 45A,B). Clustering was just performed with only
the first two PCs that amounted to ~70% of the variance. This analysis was performed with a Kmeans

algorithm using four clusters as initial guess; two of the clusters were rather localized and the others

two were disperse (Figure 45C,D).
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Figure 45. Computational analysis. (A,B) Comparison of MD-resolved ligand binding poses (1* for JE22 system
and 1 and 2 for the JE25 system). Probability density of the first two principal of the multidimensional matrix
built with the distances between either the nitrogen and oxygen atoms of (A) JE22 or (B) JE25, and any of the
nitrogen or oxygen atoms of the residues that define the JE25 binding pocket. The binding pocket where JE25
is found crystallographically is formed by residues Asn29, Thr31, Glu41, Thr80, Cys81, Arg82, and Argl55; any
of these residues have at least one atom at 3 A of the ligand. (C,D) Representative structures of each cluster
are shown in panels (C,D) for JE22 and JE25 systems, respectively. The residues from the protein where there
is at least an atom within 2.5 A of the ligand are shown in licorice representation.

These computational studies have demonstrated that JE22 binds to murine CD44-HABD in an almost
identical fashion than JE25 derivative, which is found in the reported crystallographic structure.'®®

Based on these results, it can be confirm that the designed THIQ ketone derivative JE22 is a good

candidate to interact with CD44 receptor.

These computational studies have been carried out in collaboration with the research group of Prof.

Domene at the University of Bath.
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3.3.3. Synthesis and physicochemical characterization of the nanodevice to target CD44

3.3.3.1. Preparation of JE22-NPs

Following a previously described protocol, a monodisperse population of amino-functionalized
polystyrene NPs cross-linked with DVB were synthesized by dispersion polymerization, using vinyl
benzyl amine hydrochloride (VBAH) as the monomer to functionalize the NP with the amino
groups.?'® Following an Fmoc solid-phase protocol, Naked-NPs (52) (0.064 mmol g of amino
groups) were PEGylated to obtained PEGylated-NPs (53) (100% yield). The PEGylation increases the
biocompatibility of the NPs and reduces unfavourable interactions between NPs and the bioactive
cargoes.?®® The modified THIQ derivative of CD44 inhibitor (JE22) was synthesized as described in
Scheme 10. Ketone moiety to allow for conjugation to the NP by hydrazine formation was achieved
by the Michael addition of THIQ to methyl vinyl ketone, employing DCM as solvent and CuBr (I) as a
catalyst®® (76% vyield) as previously mentioned (Scheme 10). The structure of the obtained
compound JE22 was confirmed by NMR and mass spectra. Then, drug loading was carried out by
conjugation of the CD44 inhibitor JE22 via hydrazone bond.®® For this purpose, carboxylated
nanoparticles COOH-NPs (54) were prepared using succinic anhydride; then, hydrazine-NPs (55)
were prepared by treatment with hydrazine, and the selective conjugation to the ketone group of

THIQ derivative JE22 was carried out to yield JE22-NPs (Scheme 12).
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Scheme 12. Preparation of JE22-NPs. Reagents and conditions. (i) Fmoc Gly-OH, Oxyme, DIC, DMF, 2 h 60 °C;
(i) 20% Piperidine/DMF, 3 x 20 min 25 °C; (iii) Fmoc-PEG-OH, Oxyme, DIC, DMF, 2 h 60 °C; (iv) 20%
Piperidine/DMF, 3 x 20 min 25 °C; (v) Succinic anhydride, DIPEA, DMF, 2 h 60 °C; (vi) Oxyme, DIC, DMF, 4 h 25
°C; (vii) Hydrated hydrazine 55% v/v, DMF, 15 h 25 °C; (viii) JE22, trifluoroacetic acid (TFA), MeOH, 15 h 25 °C.
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3.3.3.2. Physicochemical characterization of JE22-NPs

The size distribution of the NPs loaded with THIQ ketone derivative JE22-NPs and 52 were measured
by DLS (Figure 46A). A monodisperse population was observed with a hydrodynamic diameter of
382.5 £ 0.9 nm (PDI =0.13) (Figure 46A). TEM analysis revealed the spherical shape of these NPs and
corroborated their size (Figure 46C). The zeta potential of JE22-NPs and 52 was also determined. The

value for the new nanoformulation was slightly negative (-24.1 mV + 0.7) in water (Figure 46B).
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Figure 46. Characterization of JE22-NPs. (A) Hydrodynamic diameter values by DLS. (B) Zeta potential values.
(C) Image of JE22-NPs obtained by TEM.

Next, the stability of JE22-NPs was evaluated in different conditions at 4 °C and 37 °C following
guidelines provided by the European Nanomedicine Characterization lab. The size of these
nanodevices was measured by DLS after 24 h in several sterile media: ultrapure water (Milli-Q grade,
H,0 mq), Dulbecco’s modified Eagle’s medium (DMEM), NaCl 10 mM, NaCl 154 mM, and phosphate
buffered saline (PBS) pH = 7, showing a constant size distribution (Figure 47A). It was observed that
neither the temperature nor the composition of the vehicle affected the stability of these NPs. These
results were corroborated by the zeta potential analysis (Figure 47B). Overall, the stability of these

particles was confirmed, which is a key point for future translation of this nanodevice.
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Figure 47. Stability study of JE22-NPs. DLS analysis (A) and zeta potential (mV) values (B) of JE22-NPs for 24 h
at 4 °C and 37 °C in sterile ultrapure H,0 mqg, DMEM, NaCl 10 mM, NaCl 154 mM, and PBS pH = 7. Data
represent the mean £SD of three independent experiments.

3.3.3.3. Determination of JE22-NPs concentration by spectrophotometric method

The concentration of NPs (NPs/uL) was determined by a spectrophotometric method based on the
turbidimetry of the NP suspension.?!® The standard calibration curve was obtained for NPs of 385 nm
from samples with a known concentration of Naked-NPs (52). The calibration curve is fitted to a
linear regression model, by which the number of NPs per uL corresponding to one OD600 unit for
each size could be determined. Therefore, based on the calibration curves obtained using initial
batches of NPs suspensions, the number of NPs in final batches can be determined by measuring

their OD at 600 nm (Figure 48).
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Figure 48. Calibration standard curve of concentration of NPs (OD600). The concentration of NPs at an OD600
nm is 4.8 x 106 NPs/ pL.
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3.3.3.4. Efficiency of conjugation and drug release of JE22-NPs

The quantification of the remaining amount of drug in the supernatant of the reaction can give
information about the efficiency of the conjugation of anti-CD44 derivative JE22 to the NPs. For this
purpose, an absorbance analysis was performed at different concentrations and a calibration curve
of JE22 was generated measuring a set of standard samples by UV spectroscopy (Azsa nm) (Figure
49A,B). Then, the LC value was determined by considering the amount of conjugated JE22 with
respect to the number of NPs, and this approach is more accurate than NP weight.?®” To this aim, the
number of NPs per volume was determined using an accurate spectrophotometric method that was
previously developed.?® The concentration of nanoparticles JE22-NPs was estimated as 8.52 x 10!
NPs/mL (Figure 48). The drug LC is related to the number of NPs; thereafter, the LC per NP can be
calculated. A LC of 1.14 x 107 molecules of JE22 per NP was estimated. This value corresponds to

1.89 x 1078 nmol of CD44 inhibitor JE22 per NP (Figure 49C).
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Figure 49. Evaluation of drug loading of JE22-NPs. (A) Spectrophotometry determination of selected
wavelength of JE22. (B) Calibration standard curve of JE22 obtained by spectrophotometry. (C) Determination
of CE and LC of JE22 per NP.

To determine the value of drug dose with accuracy and precision is of extreme relevance for the
clinical translation of nanomedicine. The CE was determined by considering the drug conjugated
with respect to the total amount of free amine groups on the NP surface, which was 100% for JE22-
NPs (Figure 49C). This high efficiency is remarkable compared to drug-loading strategy based on

encapsulation.?®
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To achieve selective release at the target site, a pH-sensitive stimuli discharge strategy was
implemented. Based on the fact that there is slightly acidic pH at the tumor microenvironment, a
cleavable bond that responds to acidic pH was implemented. To release the drug in acidic
conditions, JE22 was covalently conjugated to NPs by a hydrazone bond sensitive to pH = 5-6 as
previously reported.?’ The pH-responsive release of THIQ derivative JE22 in vitro was determined by
HPLC. Using standard samples, a calibration curve of JE22 was performed (Figure 50A). A comparison
of the percentage of the released drug with respect to the amount of CD44 inhibitor conjugated to
the JE22-NPs was done. Release profiles were obtained for five days at pH =5 and pH = 7.4 by HPLC
analysis (Figure 50B).

(A) (B)

Response

Compound name: JE78-DAD
Correlation coefficient; r = 0.999667, r'2 = 0,999334
Calibration curve: 4 46591 * x + -5.4642

Cumulative JE22 release (%)
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Figure 50. Evaluation of JE22 release from JE22-NPs. (A) Calibration curve of JE22 acquired by HPLC. (B)
Cumulative JE22 release. JE22-NPs were incubated for 120 h in PBS at pH =5 and pH = 7.4 at 37 °C. Results are
expressed with the values of the mean * standard error of the mean (SEM).

As expected, the pH-sensitive cleavage of the hydrazone linker resulted in the exponential sustained
release of JE22 in an acidic environment (PBS pH = 5) (Figure 508, blue line). An accumulative release
was achieved for up to 5 days (120 h). A significant release was observed within 6 h of incubation at
pH =5 with a release rate of 78% + 0.6. Then, the maximum release value of 100% was achieved by a
sustained release for up to 120 h. Non-significant size change was observed following incubation at
pH = 5 for this period (Figure 51). On the other hand, the amount of drug released from the
nanodevice was minimal at physiological environment (PBS pH = 7.4), (~20% within 6 h of
incubation). This result demonstrates that a significant amount of the drug remained attached to the
NPs (Figure 50B, orange line). This result pointed out the realistic stability and selectivity of the JE22-
NPs. It is important to remark that the pH value of the medium has a clear effect on the release
efficiency of the drug, which validates the drug release strategy designed in this approach. Then, the
efficient release of the drug in a sustained manner in acidic conditions could be a key feature to

improve the therapeutic efficacy of JE22-NPs in the tumor site.
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Figure 51. DLS analysis of JE22-NPs before and after incubation in PBS pH =5 for 5 days.

3.3.4. Synthesis and characterization of the fluorescent nanodevice

3.3.4.1. Preparation of JE22-Cy5-NPs

In order to study the cellular localization of the JE22-NPs, a nanosystem bifunctionalized with the
therapeutic agent JE22 and a cyanine derivative (Cy5, excitation 651 nm and emission 670 nm) was
designed and prepared. The fluorophore Cy5 was chosen as it is a traditional far-red-fluorescent dye
widely used in bioimaging. Therapeutic and fluorescent NPs were successfully synthesized using
standard protocols based on Fmoc solid-phase chemistry with oxyme and DIC as coupling reagents.
The initial loading of NPs (0.064 mmol g™! of amino groups) was determined by conjugation of the
Fmoc-Gly-OH amino acid. Following the synthetic steps described in section 3.3.3.1. and by
monitoring the efficiency in each step using the ninhydrin test,?®® PEGylated-NPs (53) were afforded.
An orthogonal strategy based on the full orthogonality between Fmoc and Dde protecting groups
using Fmoc-Lys(Dde)-OH as key reagent?®* was performed to generate Fmoc-Dde-NPs (56), thus
enabling an efficient bifunctionalization of JE22 and Cy5 molecules to NPs in a controlled way.
Through a Fmoc deprotection and a second PEGylation-deprotection step, NH,-Dde-NPs (57) were
obtained. Then, the fluorophore Cy5 was conjugated to 57 by amide bond formation using DIPEA as
a base and anhydrous DMF as solvent?? to yield Cy5-Dde-NPs (58). In the other arm of the lysine
scaffold, Dde deprotection was achieved by treatment with hydrazine in DMF and COOH-Cy5-NPs
(59) were obtained using succinic anhydride. Treatment of 59 with hydrazine in DMF gave
Hydrazine-Cy5-NPs (60), to which compound JE22 was conjugated via a hydrazone-type bond giving
rise to target JE22-Cy5-NPs (Scheme 13).

109



Jose Manuel Espejo Roman

HN™ HN”

o § o) S o o
H 0] H (i, i, i) H
H2N‘PEGTN\)LN/\O —_— Fmoc. HN*PEGYN\)LN/\O — prEG)kN HN-PEG N\)LN
H H H z H T N Q
[¢] o [¢] o o
PEGylated-NPs Fmoc-Dde-NPs NH,-Dde-NPs
(83) (56) (57)

\ (iv)
Dde

HN™

"058

NH
\\\\\\(O )OL ) Hﬂ (v, vi)
N-PEG.__N
N T NQ

HN—PEG
*Na'03S o) o] o
COOH-Cy5-NPs Cy5-Dde-NPs
(59) (58)

‘ (vi, viii) e .

® 9 et h ® 3t i S
JC N-PEG.__N B N-PEG.__N :
HN-PEG™ "N e N/\O HN-PEG™ "N e HAO !
o) o o o ;
Hydrazine-Cy5-NPs JE22-Cy5-NPs

(60)

Scheme 13. Synthesis of JE22-Cy5-NPs. Reagents and conditions. (i) Fmoc-Lys(Dde)-OH, Oxyme, DIC, DMF, 2 h
60 °C; (ii) 20% Piperidine/DMF, 3 x 20 min 25 °C; (iii) Fmoc-PEG-OH, Oxyme, DIC, DMF, 2 h 60 °C; (iv) Sulfo-Cy5-
NHS, DIPEA, anhydrous DMF, 15 h 25 °C; (v) 2% Hydrazine/DMF, 3 x 7 min 25 °C; (vi) Succinic anhydride, DIPEA,
DMF, 2h 60 °C; (vii) Oxyme, DIC, DMF, 4 h 25 °C; (viii) Hydrated hydrazine 55 % v/v, DMF, 15 h 25 °C; (ix) JE22,
TFA, MeOH, 15 h 25 °C.

3.3.4.2. Physicochemical characterization of JE22-Cy5-NPs

Size distribution was determined by DLS observing a monodisperse population (hydrodynamic
diameter of 385.7 + 0.7 nm with a low PDI of 0.07); these results show that the fluorophore and JE22
labelling does not affect their monodispersity (Figure 52A). The zeta potential value of JE22-Cy5-NPs
in water was slightly negative (-36.8 mV + 0.6), as compared to 52, which was +38.4 mV + 0.8 (Figure
52B). TEM analysis corroborated the size and revealed the spherical shape and smooth surface

without any aggregation of these NPs (Figure 52C).
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Figure 52. Characterization of JE22-Cy5-NPs. (A) Hydrodynamic diameter values by DLS. (B) Zeta potential
values. (C) Image of JE22-Cy5-NPs obtained by TEM.

3.3.4.3. Efficiency of conjugation of JE22 and Cy5 for JE22-Cy5-NPs

The efficiency of fluorophore conjugation to the NPs was assessed using fluorescence-based
techniques. Figure 53A shows a representative dot plot of the flow cytometry analysis showing the
increase in APC fluorescence of the JE22-Cy5-NPs nanosystem concerning unloaded NPs (Naked-
NPs, 52). This result was supported by confocal laser microscopy (Figure 53B). Additionally, a
calibration curve of Cy5 was performed measuring a set of standard samples by UV spectroscopy
(Asso nm) (Figure 53C) to calculate the remaining amount of dye in the supernatant of the reaction.
The concentration of JE22-Cy5-NPs (9.43 x 10! NPs/mL) was calculated according to the
spectrophotometric method described in section 3.3.3.3. In this way, and following the previously
described formulas in section 3.3.3.4, CE (98.2%) and LC (1.13 x 107 molecules of Cy5 per NP)
parameters were determined. JE22 loading was also estimated for these NPs, achieving a CE of 100%

and LC of 9.45 x 10® molecules of JE22 per NP (Figure 53D), with similar results to those of JE22-NPs.
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Figure 53. Characterization and evaluation of drug and fluorophore loading of JE22-Cy5-NPs. (A) Scatter plot
analysis representative of Naked-NPs (52) (blue) and JE22-Cy5-NPs (red). (B) Confocal laser microscopy
analysis (63x magnification, 20 um scale bar, APC channel). (C) Calibration standard curve of Cy5 obtained by
spectrophotometry. (D) Determination of CE and LC of JE22 and Cy5 per NP.

3.3.5. Evaluation of efficiency of the designed nanodevice JE22-NPs for antitumor activity.

Assessment of biological activity of JE22-NPs

In order to assess the biological activity of this nanodevice to target CD44, in agreement with
previous studies,®*%3 two breast cancer cell lines expressing different levels of CD44 were selected:
MDA-MB-231 with a high level and MCF-7 with a low level of CD44 expression, respectively. Analysis
of CD44 expression by flow cytometry using an anti-CD44-FITC confirms the suitability of these cell
lines for testing CD44 inhibition. Human embryonic kidney-derived non-cancerous cells (HEK-293)

without CD44 expression were used as negative control (Figure 54).
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Figure 54. Flow cytometry analysis of the expression of CD44 in MDA-MB-231 and MCF-7 cells. Representative
bar graph comparing the MFI of cancer cell lines after incubation with anti-CD44-FITC. HEK-293 cell line was
used as negative control. Error bars: £SD from n = 3; ***p < 0.001 (ANOVA).

The ECso of this therapeutic nanodevice JE22-NPs in MDA-MB-231 cells was determined. For this
purpose, cell viability was monitored using fluorescent resazurin assay. ECso values were calculated
from the generated 10-point semilog dose-response curves (Figure 55). Initially, MDA-MB-231 cells
were treated for 120 h with increasing concentrations of JE22 in solution (0.001 to 100 uM) to
determine the range of doses of inhibitor required to achieve the antiproliferative activity. Free JE22
has an ECso value of 8 uM in MDA-MB-231 cells (Figure 55A). Then, a range of different
concentrations of JE22-NPs (312-40,000 NPs/cells, that corresponds to 0.6-72 nM) were incubated
for 120 h with MDA-MB-231 cells. The ECso value for therapeutic NPs (JE22-NPs) was calculated to be
49 nM (Figure 55C), which corresponds to 27,367 NPs/cell (Figure 55D). This value indicated that the
nanosystem offers a 150-fold reduction of the amount of JE22 required to have the same effect than

the free form has in tumor cells overexpressing CD44.
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Figure 55. Evaluation of cell viability of the designed nanodevice JE22-NPs. (A) Dose—response curves for JE22
against MDA-MB-231 cells after 5 days of treatment. Error bars: #SD from n = 3. (B) Bar graph showing the
effect of JE22-NPs on cell viability of MDA-MB-231 cell line. A standard range of added NPs per cell (NPs/cell)
to evaluate cell viability was used (from 312 to 40,000). Calculation of the NPs/cell was based on the number
of NPs per volume (Figure 48). Naked-NPs (52) (NK) were used as control. Data represent the mean +SD of
three independent experiments; *** p < 0.001 (ANOVA). (C, D) Dose-response curve (percentage of cell
viability versus concentration) of MDA-MB-231 cells after treatment with JE22-NPs, represented in molarity
(nM) (€) and in NPs/cell (D). ECso value was obtained by the logarithm versus normalized response: variable
slope using the GraphPad software.

In addition, treatment of CD44 low-expression MCF-7 cells with JE22-NPs show no significant

reduction of cell viability (Figure 56), reinforcing the selective effect of the nanodevice against CD44.
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Figure 56. Bar graph showing the effect of JE22-NPs on cell viability of MCF-7 cell line. A range of NPs from 312
to 40,000 was tested. Naked-NPs (52) (NK) were used as control. Data represent the mean +SD of three
independent experiments.

To further verify the selectivity of the nanodevice targeting the CD44 receptor in the MDA-MB-231
cancer cell line, a competitive binding experiment was performed. Cells were preincubated with the
anti-CD44 antibody before treatment with JE22-NPs, showing a significant decrease of the
antiproliferative effect respect to cells without pretreatment (Figure 57). These results showed that
pretreating cells with the antibody effectively blocked CD44 cell-binding sites, preventing the
recognition of epitopes from the nanodevices, showing that therapeutic effect of JE22-NPs is linked

to CD44 recognition.
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Figure 57. MDA-MB-231 cell viability after treatment with JE22-NPs (ECso and ECso x 2) preincubated with anti-
CD44 antibody (Anti-CD44+, 2.5 uM, 40 min). Untreated cells (UNT) and cells treated with JE22-NPs without
preincubation with anti-CD44 antibody (Anti-CD44-) were used as controls. Error bars: £SD from n = 3; ***p <
0.001 (ANOVA).

Based on the fact that tumor tissues are characterized by an acidic extracellular pH as a result of the

altered cancer cell metabolism compared to normal tissues, a chemical strategy was applied to
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achieve the release of the drug from the nanodevice in acidic conditions. To mimic the acidic tumor
microenvironment, bicarbonate-free DMEM buffered with 10 mM of piperazine-N,N’-bis(2-
ethanesulfonic acid) (PIPES) was used to fix a slightly more acidic external medium. First, it was
tested whether cell viability could be affected after the incubation of MDA-MB-231 cells with pH =5
DMEM media. After 1.5 h of incubation, no signs of cell death were observed, although a significant
reduction of cell viability was obtained after 3 and 6 h of incubation (Figure 58A). In order to test the
effect of this selective release in the antiproliferative effect, a comparative experiment was
performed incubating the cells in standard conditions (DMEM medium, pH = 7.4) and in the
presence of DMEM buffered with PIPES to guarantee a slightly more acidic external medium (pH =
5). The results indicate that cytotoxic activities have pH dependence. Remarkably, JE22-NPs showed
to be more cytotoxic at acidic extracellular pH = 5 following only 1.5 h of incubation compared to
under conventional conditions (pH = 7.4) for 5 days (Figure 58B). This result is in agreement with the
maximum peak of release of compound by HPLC analysis. A sustained drug release under
physiological conditions can occur due to the acidification of culture media overtime.?’° As expected,
the pH does not have any significant effect in cell viability when cells are treated with Naked-NPs
(52). These results suggest that specific release in acidic conditions is crucial for the therapeutic

activity of this compound.
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Figure 58. Evaluation of cell viability of the designed nanodevice JE22-NPs under acidic conditions. (A) Viability
of MDA-MB-231 cells incubated for 1.5, 3 and 6 h with DMEM media at pH = 5. Error bars: +SD from n = 3; **p
< 0.01, ***p < 0.001 (ANOVA). (B) Therapeutic effect representation by bar graph of JE22-NPs at pH = 7.4
versus cell viability at pH = 5. Cell viability was tested after 5 days. Naked-NPs (52) were used as control. The
experiments were carried out in triplicate, and the results are expressed with the values of the mean +SD; ***
p <0.001 (ANOVA).

Finally, the cytotoxic effect of this nanodevice for non-cancerous cells was evaluated. Non-cancerous
cell line HEK-293 has been used to analyze the cell viability of JE22-NPs. No sign of death was

observed after treatment of the normal cells with the nanodevice (Figure 59).
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Figure 59. Bar graph showing the effect of JE22-NPs on cell viability of HEK-293 cell line. A range of NPs from
312 to 40,000 was tested. Naked-NPs (52) (NK) were used as control. Data represent the mean 1SD of three
independent experiments.

Overall, the NPs were toxic to CD44+ cells and non-toxic to CD44- and non-cancerous cells.

3.3.6. Evaluation of efficiency of the designed nanodevice for the inhibition of CD44 receptor

binding

3.3.6.1. Analysis of the interaction of the designed nanodevice JE22-NPs with CD44+ cells by

confocal microscopy

A confocal microscopy approach was carried out to study the location of the NPs loaded with JE22
on the surface of the CD44+ cells. MDA-MB-231 cells were immunolabeled with a fluorescently
tagged primary anti-CD44 antibody (anti-CD44-FITC).?’* Then, cells were treated with JE22-NPs
labelled with fluorophore Cy5 (JE22-Cy5-NPs) to track them by fluorescence microscopy. It can be
observed that the extracellular location of the JE22-Cy5-NPs is on the cellular surface where CD44

receptor is expressed (Figure 60).
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Figure 60. Confocal microscopy analysis of MDA-MB-231 (CD44+) cells treated with JE22-Cy5-NPs. CD44-
labeled cells treated with JE22-Cy5-NPs fluorescently labeled with Cy5 were analyzed (C) (Scale bar: 5 um). The
cells were incubated for 30 min with 1,000 NPs/cell. Untreated cells (A) and cells labelled with anti-CD44-FITC
(B) were used as controls (Scale bar: 5 um). Images with an increase of 63x show a composition of the three
channels used: blue, DAPI for the nucleus; green, FITC for anti-human CD44; and red, APC for JE22-Cy5-NPs.
(D, E) Confocal microscopy orthogonal (xy, xz, and yz) view representing the planes of intersection at the
position of green cross line. The maximum intensity projection of the z-stack is shown blue for nuclei (DAPI),
green for anti-human CD44 (FITC), and red for JE22-Cy5-NPs (APC).

3.3.6.2. Assessment of CD44-binding capacity

To assess the CD44-binding capacity of the THIQ derivative JE22 in solution and conjugated to the
nanodevice, a competitive binding assay was performed using a fluorescent-labeled derivative of HA
as natural ligand of CD44 (HA-FITC), which has high capacity of binding the CD44 receptor. For this
purpose, a previously reported method was followed with slight modifications.?® Briefly, cells
overexpressing CD44, MDA-MB-231 cells, were pre-incubated with JE22 and JE22-NPs at 4 °C, and
physiological pH for 30 min to allow for their binding to CD44 receptor on the cell surface. Then, cells
were incubated with HA-FITC at 4 °C for 15 min, and fluorescence analyzed by flow cytometry. Anti-
CD44 antibody was used as positive control. Cells incubated with unlabeled HA were used as
negative control. As observed in Figure 61, pre-incubation with JE22 displaced HA-FITC binding,
yielding a statistically significant reduction of the fluorescence intensity (1.3-fold reduction)
compared to the cells incubated with HA-FITC and cells pretreated with anti-CD44 monoclonal
antibody (2.20-fold reduction). It is remarkably the fact that, as expected, when cells were

pretreated with the designed nanodevice JE22-NPs, no significant displacement was observed. This
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result reinforces the initial hypothesis that brought to the design of a pH-sensitive strategy to
release the CD44 inhibitor from the nanodevice at the acidic tumor microenvironment to enhance

the efficient interaction with the CD44 receptor and to significantly reduce HA binding.
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Figure 61. Inhibition of the HA-CD44 interaction by flow cytometry. (A) Mean fluorescence of MDA-MB-231
cells analyzed by flow cytometry after treatment for 30 min at 4 °C with JE22-NPs, JE22, and anti-CD44
followed by incubation with HA-FITC for 15 min at 4 °C. Cells treated with unlabelled HA and HA-FITC were
used as the negative and positive control, respectively. Error bars: £SD from n = 3; p < 0.01, **; p < 0.001, ***
(ANOVA). (B) Flow cytometry overlay histograms of HA-FITC competitive assay binding to MDA-MB-231 cells.

3.3.6.3. Influence of JE22-NPs in migration of CD44+ cells

Cell migration participates in numerous physiological and pathological processes. Previous studies

have shown that CD44 proteins can stimulate tumor cell proliferation, motility, and invasion.?”2

To detect whether this nanodevice can decrease the migration of CD44+ cells and, consequently,
modify any mesenchymal behaviour, a scratch-wound healing migration assay was performed to
determine whether JE22-NPs compared to free JE22 could halt migration of MDA-MB-231 cells, as
would be expected for a CD44 inhibitor.1%* After making the wound, MDA-MB-231 cells were treated
with CD44 inhibitor JE22 free and conjugated to nanodevice JE22-NPs for 24 h and compared with
untreated cells (0.1% v/v DMSO) and cells treated with the nanodevice without drugs (Naked-NPs,
52), respectively. Cells treated with THIQ derivative JE22 in solution significantly reduced cell
motility; wound closure was reduced to 15.09 + 4.90% compared with cells treated with DMSO
(30.21 £ 6.06%). Remarkably, when MDA-MB-231 cells were treated with JE22 conjugated to the
nanodevice JE22-NPs, cell migration reduction was significantly higher than with JE22 in solution
(4.89 + 2.77%) (Figure 62). The fact that the concentration used in this assay is lower than the ECs
(20,000 NPs) (Figure 55B) suggests that the migration effect could be independent of the cytotoxic

effect.
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Figure 62. Scratch-wound migration assay. (A) Snapshots of the scratch-wound area of MDA-MB-231 cells
treated with DMSO, JE22, Naked-NPs (52), and JE22-NPs at time zero (top) and after 24 h (bottom). White
lines highlight the gap created by the scratch. (B) Bar graph showing the percentage of wound closure of MDA-
MB-231 cells after treatment with JE22 and JE22-NPs compared to untreated cell control (DMSO) and cells
treated with Naked-NPs (52), respectively. Error bars: +SD from n = 3; p < 0.01, **; p < 0.001, *** (ANOVA).

3.3.6.4. Apoptotic activity of JE22-NPs

To rule out that the observed delay in gap closure was caused by JE22-induced cell death, cell
viability was examined by Annexin V/PI staining after treatment. Annexin V/PI staining is a widely
used method to study apoptotic cells. Annexin V/PI significantly regulates the viable, necrotic, and
apoptotic cells through differences in plasma membrane permeability and integrity.?”® First, the
apoptotic effect of JE22 was studied against CD44+ MDA-MB-231. Even at four times the ECs
concentration of the drug, no crucial apoptotic effect was observed (Figure 63A). These results
suggest that apoptosis is not the mechanism by which JE22 induces cell death. Then, the apoptotic
effect of the Naked-NPs (52) and JE22-NPs was analyzed to check that no apoptotic effect is caused
by the nanocarrier itself. As expected, the concentration of nanoparticles JE22-NPs that was used in
this assay (20,000 NPs) did not induce significant apoptosis or necrosis in either MDA-MB-321 cells
(Figure 63A) or MCF-7 (Figure 63B). However, gap closure was inhibited at the same concentration
(Figure 62). These results reinforce the fact that the migration effect could be independent of the

cytotoxic effect of JE22-NPs.?’*
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Figure 63. Effect of JE22 and JE22-NPs on MDA-MB-231 apoptosis (A) and effect of JE22-NPs on MCF-7 cell
apoptosis (B). Representative scatter plots of PI (y-axis) versus FITC (x-axis) of cells after treatment with JE22-
NPs (20,000 NPs/cell), JE22 (ECso and 4 x ECso), and Naked-NPs (52) (20,000 NPs/cell) for 24 h. Number of NPs
was determined by spectrophotometric analysis (Figure 48). The cells were analyzed after double staining with
Annexin V-FITC/PI by flow cytometry. Dot plots of H202 (2 mM, treatment of 4 h) and untreated cells were
represented as the positive and negative control, respectively. Q1-4 quadrants represent necrotic (Annexin V-
FITC-, PI+), late (Annexin V-FITC+, PI+), and early (Annexin V-FITC+, PI-) apoptotic and viable (Annexin V-FITC-,
Pl-) cells, respectively.
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3.3.7. In-depth study of the mechanism of action of compound JE22

Given the promising results mentioned above, a series of assays were carried out to further
investigate the interaction of JE22 with CD44-HABD. STD NMR studies were performed. For this
purpose, the isolated protein was first obtained. In addition, DMR experiments were developed in

MDA-MB-231 cells.

3.3.7.1. Preparation of CD44-HABD

This section was developed at the Institute for Biocomputation and Physics of Complex Systems
(BIFI) of the University of Zaragoza as part of a research training stay in collaboration with the
research group of Prof. Hurtado.

3.3.7.1.1. Heterologous production of CD44-HABD in bacterial cells

The human (Hs) and mouse (Mm) CD44-HABD amino acid sequences that have been used in this

project are shown in Table 6.

Table 6. Amino acid sequences of HsCD44 and MmCD44 constructs, 116>

Construct Amino acid sequence

AQIDLNITCRFAGVFHVEKNGRYSISRTEAADLCKAFNST
LPTMAQMEKALSIGFETCRYGFIEGHVVIPRIHPNSICAA
NNTGVYILTSNTSQYDTYCFNASAPPEEDCTSVTDLPNA
FDGPITITIVNRDGTRYVQKGEYRTNPEDIYPSNPT

QIDLNVTCRYAGVFHVEKNGRYSISRTEAADLCOQAFNST
LPTMDQOMKLALSKGFETCRYGFIEGNVVIPRIHPNAICA
ANHTGVYILVTSNTSHYDTYCFNASAPPEEDCTSVTDLP
NSFDGPVTITIVNRDGTRYSKKGEYRTHQEDIDAS

HsCD44 (20-175)

MmCD44 (25-174)

A technique for protein expression in Escherichia coli (E. coli) periplasm, which is widely used in the
host laboratory, was performed. pHEN6c-HsCD44-His (20-175) and pHEN6c-MmCD44-His (25-174)
plasmids were used to facilitate the export of the protein to the periplasm which provides for large
amounts of soluble and folded protein. E. coli strain W6K was used due to its larger periplasm allows
to increase the amount of protein in this compartment. Expression tests of the constructs were
made in this strain and no expression was observed after analyzing the results of polyacrylamide gels

stained with coomassie blue.

As the periplasmic expression of the protein did not produce the desired level of expression,
previously described protocols using inclusion bodies were implemented, which allow for the

extraction of the protein in an insoluble and unfolded form.}%'% Three new constructions were
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created for this purpose: pET15b-His-PP-HsCD44 (20-175), pET15b-His-PP-MmCD44 (25-174) and
pET30a-His-PP-HsCD44 (20-175). Expression tests of these constructs were performed by varying
some parameters such as induction temperature, induction time and isopropyl p-D-1-
thiogalactopyranoside (IPTG) concentration in the E. coli BL21 (DE3) pLysS (general strain) and
Rosetta (DE3) pLysS (strain for the expression of sensitive proteins and more difficult to express)
strains. Based on the data collected, it was concluded that the amount of protein expressed was not

sufficient to carry out the purification process and further steps.

Since an overexpression of protein was not observed in inclusion bodies either, a final attempt was
made to obtain sufficient protein expression in prokaryotic cells. A new construct (pMALP2x-His-PP-
HsCD44 (20-175)) containing CD44-HABD fused to the maltose-binding protein (MBP) fusion protein
was used in order to obtain the soluble protein in the cytoplasm of E. coli. In this case, the BL21 Gold
strain of E. coli was used. This construct seemed to work but when cleaving the MBP from CD44-
HABD, the yield was very low and therefore very little native protein could be obtained, insufficient
for subsequent assays. Further optimization is therefore required to overcome the limitation of this

low level of expression, which poses a challenge in proceeding with the experiment.

3.3.7.1.2. Production and isolation of CD44-HABD from mammalian cells

As several constructs were tested in E. coli and none were positive, it was decided to use a more
complex expression system that involves the use of mammalian cells. Although the mammalian cell
expression system has some drawbacks, such as being a slower and more expensive process
compared to the bacterial cell expression system, it makes it possible to obtain proteins with a
greater degree of similarity to their native form.?”> This method allows the expression of proteins

275 3s is the case of

with complex posttranslational modifications or with several disulfide bonds,
CD44-HABD. Furthermore, an important advantage over the inclusion bodies-bacterial expression

system is that the proteins obtained from mammalian cells do not need to undergo refolding.

For this process based on the use of eukaryotic cells, HEK293F cells were used together with the

pHLSec-12Hist-GFP-TEV-HsCD44 (20-175) plasmid (Figure 64A).

Due to the fact that CD44-HABD was fused to a GFP (that increases the solubility of the protein) and
a histidine tag (required for purification by nickel affinity chromatography), it was needed to use the
tobacco etch virus (TEV) protease to cleavage and isolate CD44-HABD from the rest of the construct

(see Materials and Methods, section 4.4.4).

Following this methodology, it was possible to successfully express, purify and obtain the soluble

protein in its native state (glycosylated) and in a pure enough form to be used in further
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experiments. The glycosylated protein was obtained, which is the closest form to that found in

humans (Figure 64B).

It is important to highlight that as far we know this is the first time that human CD44-HABD has been

obtained in mammalian cells, previously it had only been produced in bacterial cells. This represents

a great advance for the better understanding of the protein in its most similar form to that existing

in humans.
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Figure 64. (A) Plasmid encoding for the Hist-GFP-TEV-HsCD44 (20-175) construct. (B) Polyacrylamide gel
showing HsCD44-HABD before and after cleavage by TEV protease.

3.3.7.2. STD NMR spectroscopy studies

This analysis was performed in collaboration with the research group of Prof. Angulo at the Chemical

Research Institute (CSIC-University of Sevilla).

3.3.7.2.1. General considerations

Among all the existing ligand-observed NMR techniques for screening of biological targets with
collections of small molecules, STD NMR spectroscopy is one of the most robust methodologies,
optimum for detection of weak/medium affinity protein-ligand complexes in solution. Compared to
other NMR techniques, one of the main advantages of STD NMR is the possibility of gaining

quantitative data to produce 3D molecular models of the complexes.?’6277

In its simplest implementation, via 1D 'H-NMR spectroscopy, a perturbation (saturation) is
selectively produced on the protein NMR signals which is eventually transferred to those ligand

hydrogens in close contact with the protein, due to the spatial proximity of ligand and protein
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protons in the bound state, efficiently transferring the saturation from the protein to the ligand
protons. The ligand signals are then reduced in intensity in the spectrum, and subtraction from a

reference 1D spectrum (without saturation) leads to difference signals (Figure 65).2’

Ligand protons that are in close contact with the receptor protein receive a higher degree of
saturation, and as a result stronger STD NMR signals can be observed. Protons that are either less or

not involved in the binding process reveal no STD NMR signals.?”’

Signals in the STD NMR spectrum hence indicates binding, making these experiments very useful in
screening of ligands from mixtures of compounds for a given protein target. STD NMR spectroscopy
is highly appropriate to study weak/medium protein-ligand interactions as it relies on an efficient
transfer of the saturation by the ligand from the bound to the free state, in a process that is
optimum when the chemical exchange between both states is fast in the relaxation time scale (i.e.

weak affinity) (Figure 65).277
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Figure 65. Schematic representation of the STD NMR experiment. Adapted from ref. 277.

STD NMR is in fact one of the favorite techniques for screening of protein ligands by H-NMR
spectroscopy, particularly at the first stages of drug development when only fragments with

weak/medium affinity have been identified.?””

From the point of view of structural analysis, besides a screening tool, STD NMR can also provide

information about the binding mode of the ligands. The intensities observed in the difference
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spectrum indeed report on proximity of the ligand protons to the protein in the bound state.
Quantification of the intensities allows us to identify the structural requirements (i.e. areas of close
contacts with the surface of the protein in the bound state) of the ligand for contacting the receptor

(the so-called group epitope mapping, GEM).2”7?78

In this way, STD NMR is typically used to validate 3D structures of complexes, by verifying the
agreement of generated 3D models (e.g. from docking calculations) with the experimental data,?”
either qualitatively (agreement with the pattern of STD signals), or quantitatively (back-calculations

of theoretical STD intensities from the 3D model by CORCEMA-ST).%?°

3.3.7.2.2. STD NMR spectroscopy applied to CD44-HABD and JE22

The interaction of JE22 with the glycosylated CD44-HABD has been studied through STD NMR

spectroscopy by Jonathan Ramirez Cardenas.

Preliminary results are very encouraging, and show that this small molecule interacts with CD44-
HABD (Figure 66). JE22 makes closer spatial contact with the CD44-HABD in the amine nitrogen
region, with the aromatic part appearing to have less contact with the protein surface in the bound
state. It can be postulated that this aromatic part of the ligand must be more exposed to the solvent,

while the opposite side is more internalized in the binding pocket.
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Figure 66. Binding of JE22 to glycosylated CD44 in solution as detected by STD NMR. (A) Top: 1D *H-NMR
reference spectrum; bottom: 1D STD NMR difference spectrum at 1s saturation time. Small residual STD
signals in the region centered at 3.5 parts per million (ppm) arise from the glycans attached to the protein. (B)
STD NMR binding epitope mapping.

Further experiments will be carried out to determine whether JE22 competes with HA for the

binding to CD44 using this technique.
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3.3.7.3. DMR studies

This section was developed at the Department of Neuroscience and Rehabilitation, section of
Pharmacology of the University of Ferrara as part of the international training research stay in the

research group of Prof. Ruzza.

3.3.7.3.1. General considerations

DMR assay is a label free assay that provides a holistic view of cellular responses after receptor
activation. It uses an optical biosensor to detect cellular changes after stimulation. This biosensor,
also called resonant waveguide grating, is a grating structure embedded in the bottom of a plate,
where adherent cells are directly cultured. When illuminated with broadband light, these grating
surfaces reflect a narrow band of light that depends by the OD of the zone (150 nm, DMR detecting
zone) above the sensor. DMR is measured as picometers (pm) shift of the outgoing occurring
wavelengths. This technique allows the measurement of the entire spectrum of cellular responses
leading to a ‘dynamic mass redistribution” within 150 nm from the adherent cellular surface. Mass
movements toward the sensor induce positive wavelength shifts (p-DMR), whereas movements
away from the surface cause negative shifts of the reflected wavelength (n-DMR) at the bottom of

the biosensor (Figure 67).28%282
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Figure 67. DMR detection technology. The DMR signal is detected by passing broadband polarized light
through a biosensor and then recording a change in the wavelength of the outgoing light depending on the OD
of the cell mass on the biosensor. This information is transformed into a cumulative response (A pm) over time
that reflects the set of processes occurring in living cells.?8!
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Importantly, compared to binding experiments and classical assays used to test ligands, the DMR
technology offers the following advantages: i) it is a functional assay that provides a comprehensive
view of all the intracellular events that take place when different biomolecules change their location
in a cell and/or a change of cell shape occurs after the receptor activation; ii) it allows real-time
monitoring of the action of ligands on cells; iii) it is a non-invasive and label free assay, thus cells are
naive and no artificial labels are needed; iv) it is enough sensitives to be used with several cells from
primary cultures; and v) it is characterized by high reproducibility and it can be performed in 384

wells plate, thus suitable for the screening of several compounds.?8%282

This assay is routinely used in Prof. Ruzza laboratories for pharmacological studies of new ligands

targeting several G protein couple receptors such as opioid or histamine receptors.?3-28>

This innovative cellular assay used in the in vitro pharmacological characterization of ligands has not
previously used to study CD44 and thus, it could become a new tool for the scientific community to

study CD44 inhibitors.

3.3.7.3.2. Validation of the DMR assay for the in vitro characterization of standard and novel CD44

ligands

The label free DMR assay was applied to the study of JE22 in the human breast cancer cell line MDA-
MB-231. HA was used as endogenous CD44 ligand and etoposide as a positive control for CD44
inhibition.

LMW-HA concentration response curve (CRC). To set up a functional assay to study CD44 antagonist,

some efforts were first made to establish the method using standard CD44 agonists: HMW-HA (875
kDa) and LMW-HA (50 kDa).

Based on several pilot experiments in which different experimental conditions (different plate

coatings and HAs) were tested, the following conclusions were reached:

- Fibronectin coating on culture surfaces allowed to improve attachment, spreading and

proliferation of this cell line respect poly-D-lysine coating or no coating.

- LMW-HA was selected as the standard agonist at a concentration of 2,500 pg/mL. HMW-HA

was discarded mainly due to solubility problems.

- Due to the variability of the first results, probably as a consequence of the loss of the

receptor over time, we decided to work by thawing cells every week from a new batch.

In MDA-MB-231 cells, LMW-HA was able to evoke a concentration dependent DMR response at the

concentrations tested. Anyway, the CRC could not be completed and potency was not calculated
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(Figure 68). These results indicate that LMW-HA evoked a DMR signal through the activation of the

CD44 receptor. Further experiments will be carried out on a CD44- cell line to corroborate this

outcome.
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Figure 68. DMR assay in MDA-MB-231 cells, CRC to LMW-HA. Sigmoidal curve of LMW-HA is displayed in (A),
while representative raw DMR tracings are shown in (B). Data are the mean + SEM of at least three
experiments performed in duplicate.

CD44 ligands, agonism experiments. In a first series of experiments, the putative CD44 ligands
etoposide and JE22 were tested in agonism experiments to determine whether they showed DMR
signal per se, in the absence of HA. Etoposide and JE22 produced a low DMR response only at the

higher concentration tested (1 mM) (Figure 69). These assays made it possible to select a suitable

concentration for the subsequent antagonism experiments.
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Figure 69. DMR assay in MDA-MB-231 cells, CRCs to etoposide and JE22. Data are the mean + SEM of three
experiments performed in duplicate.

CD44 ligands, antagonism experiments. Finally, antagonism experiments were performed using a
fixed compound concentration of 100 uM. This concentration has been chosen, basing on agonism
experiments, as the first concentration at which all the compounds were inactive per se. In these
experiments the CRC to LMW-HA has been carried out in the absence and in the presence of CD44
ligands. A tendency to reduce LMW-HA signal has been recorded with etoposide and, partially with

JE22 under the present experimental conditions (Figure 70).
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Figure 70. DMR assay in MDA-MB-231 cells, CRCs to LMW-HA in the absence and in the presence of 100 uM
etoposide and JE22. Etoposide was used as a control. Data are the mean + SEM of three experiments
performed in duplicate.

The present study allows us to record a DMR signal produced by LMW-HA in MDA-MB-231 cells.
Under the same experimental conditions, compounds etoposide and JE22 produced a week DMR

response at 1 mM. In antagonism experiment while etoposide was able to counteract LMW-HA

signal, JE22 showed modest activity under the present experimental conditions.

These are preliminary results and further studies are needed to fully pharmacologically characterize

these CD44 ligands.
Additionally, some important limitations should be taken into account in considering these results:

1) The selectivity of LMW-HA, JE22 and etoposide for the CD44 receptor has not been
demonstrated. The DMR response evoked by LMW-HA could be due also to the activation of

targets different from CD44.

2) The DMR signal produced by LMW-HA in MDA-MB-231 cells were not robust and
reproducible across the different experiments. This fact may be due to the variability of

CD44 receptor expression as cell passages are performed.

In summary, these results are very encouraging then it is important to perform further experiments
to validate the results and to establish the specificity of the interaction between JE22 and CD44

receptor.
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4. Materials and methods

4.1. General

All chemical reagents were supplied by Sigma-Aldrich, Thermo Fisher Scientific, VWR International
Ltd and Fluorochem. Gibco (Thermo Fisher Scientific) was the supplier for the biological products
including fetal bovine serum (FBS), trypsin-EDTA, DMEM, 1% penicillin/streptomycin, and L-
glutamine. Unlabelled HA (50 KDa) and HA-FITC (50 KDa) were purchased from HAworks LLC. Anti-
CD44-FITC and CD44 monoclonal antibodies (MA5-15462, 8E2F3) were purchased from Miltenyi

Biotec and Invitrogen, respectively.

4.1.1. Chemistry

Analytical thin layer chromatography (TLC) was performed using Merck Kieselgel 60 Fzss aluminium
plates and visualized by UV light (254 nm). Evaporation was carried out in vacuo in a Blichi rotary
evaporator, and the pressure controlled by a Vacuubrand CVCII apparatus. Purifications were carried
out through preparative layer chromatography or by flash column chromatography using silica gel 60
with a particle size of 0.040-0.063 nm (230-440 mesh ASTM). Melting points were taken in open

capillaries on a Stuart Scientific SMP3 electrothermal melting point apparatus and are uncorrected.

NMR spectra were recorded on 400/500 MHz H and 100/126 MHz 3C NMR with a Varian Direct
Drive or BRUKER Avance NEO spectrometers at ambient temperature. Chemical shifts (8) are
reported in ppm relative to the residual solvent peak. The multiplicity of each signal is given as s
(singlet), d (doublet), dd (double doublet), t (triplet), g (quadruplet) and m (multiplet). J values are
given in Hz. Samples were solved in deuterated solvents (CDCl;, CDsOD or DMSOQ). Spectra were
analyzed and interpreted using MestreNova 12 sofware. High-resolution electrospray ionization
time-of-flight (ESI-TOF) mass spectra were carried out on a Waters LCT Premier Mass Spectrometer.
The samples studied were dried in a Gallencamp oven at reduced pressure with P,0s inside. These

analyses were performed at the Centre for Scientific Instrumentation of the University of Granada.

An Eppendorf Thermomixer® agitator was used for conjugations, while centrifugations were

performed in an Eppendorf centrifuge.
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4.1.2. Biology

A NuAire NU-4750E US AutoFlow incubator was used for cell culture. Cell-based experiments were
carried out in a TELSTAR BIO Il Class Il A laminar flow cabinet. Flow cytometry assays were
performed on a FACSCanto |l system using the Flowjo® 10 software for analysis. TEM was performed
on a LIBRA 120 PLUS Carl Zeiss SMT microscope. Cell viability was carried out using a GloMax-Multi
Detection System to measure fluorescence. Spheroids and wound healing images were acquired
using an Olympus CKX53 microscope, and wound areas were measured using Imagel® software.
Confocal microscopy images were obtained using a Zeiss LSM 710 confocal laser scanning

microscope and ZEN 2012 program Blue Edition for image acquisition.

4.1.2.1. Cell culture

Human breast carcinoma MDA-MB-231 and MCF-7 cells, lung carcinoma epithelial A549 and human
embryonic kidney-derived non-cancerous cells HEK-293 (provided by the Cell Bank the Center of
Scientific Instrumentation of the University of Granada, obtained from American Type Culture
Collection) were cultured in DMEM with serum (10% FBS), L-glutamine (2 mM), and 1%
penicillin/streptomycin and incubated in a tissue culture incubator at 37 °C, 5% CO, and 95% relative

humidity. Cells were frequently tested negative for mycoplasma infection.

4.1.2.2. Flow cytometry analysis of CD44 expression

Adherent MDA-MB-231, MCF-7, A549 and HEK-293 cells were trypsinized and counted in order to
have 8 x 10° cells/eppendorf tube. Cells were centrifuged, supernatant removed and pellets
resuspended in a blocking buffer (98 uL). Anti-CD44-FITC antibody (Miltenyi Biotec) was added (2 L)
and cells incubated in dark and ice for 10 min. Cells were centrifuged, pellets resuspended in PBS

and samples analyzed by flow cytometry using FACSCanto Il and Flowjo® 10 software.

4.1.2.3. Cell viability assays

Target compounds were dissolved in DMSO and stored at -20 °C. For each experiment, the stock
solution (100 mM) was further diluted in culture media to obtain the desired concentrations. MDA-
MB-231 (2,000 cells/well) and A549 cells (1,500 cells/well) were seeded in a 96-well plate format
and incubated for 24 h before treatment. Each well was then replaced with fresh media, containing
target compounds (0.01-100 uM) and incubated for 5 days. Untreated cells (DMSO, 0.1% v/v) were
used as control to detect any undesirable effects of culture conditions on cell viability. Each
condition was performed in triplicates. PrestoBlue™ cell viability reagent (10% v/v) was added to

each well and the plate incubated for 120 min. Fluorescence emission was detected using a GloMax-
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Multi Detection System (excitation filter at 540 nm and emission filter at 590 nm). All conditions
were normalized to the untreated cells (100%) and the curve fitted using GraphPad Prism using a
sigmoidal variable slope curve. The ECso value is expressed as the mean +SD of three independent

experiments.

For viability assays of JE22-NPs, MDA-MB-231 and MCF-7 cells were plated at 2,000 cells/well and
HEK-293 cells were plated at 1,000 cells/well. After 24 h, cells were nanofected with different ratios
of JE22-NPs (40,000, 20,000, 10,000, 5000, 2,500, 1,250, and 625 NPs/cell). Untreated cells, cells
incubated with Naked-NPs (52) (40,000 NPs/cell), and NPs in culture medium in the absence of cells
were used as controls. Each condition was performed in triplicate. Cell viability was tested at day 5
using PrestoBlue™ reagent and curve fitted as previously described. For viability assays of JE22-NPs
at acidic conditions, cells were treated with 40,000 NPs/cell in DMEM media at pH = 5. DMEM media
at pH = 5 were prepared by replacing NaHCO3 with PIPES buffer (10 mM) and adjusting the pH with
NaOH. Untreated cells, cells incubated with Naked-NPs (52) (40,000 NPs/cell), and NPs in culture
medium in the absence of cells were used as control. After 1.5 h of incubation, media were replaced
with pH = 7.4 DMEM media and cell viability was tested at day 5 as described above. Each condition

was performed in triplicates.

4.1.2.4. HA-FITC binding assay

Adherent MDA-MB-231 cells were trypsinized, counted, and diluted in DMEM in order to have 5 x
10* cells/eppendorf tube. Cells were centrifuged for 5 min, and pellets were resuspended in DMEM
media containing JE22-NPs (40,000 NPs/cell) or compounds JE2e, JE5, JE6 or JE22 (120 pg/mL). Anti-
CD44 antibody was used as control (120 pug/mL). Samples were incubated at 4 °C for 30 min. Then,
cells were centrifuged for 5 min, and pellets were resuspended in DMEM media containing HA-FITC
(20 pg/mL) and incubated at 4 °C for 15 min. Cells incubated with unlabelled HA were used as the
negative control, whereas cells incubated with HA-FITC served as the positive control. After
incubation, cells were centrifuged and resuspended in PBS, and samples were analyzed by flow
cytometry (FACSCanto Il). Flowjo® 10 software was used for data analysis. Results are expressed as

the MFI £SD of three independent experiments.

4.1.2.5. Apoptosis assay

MDA-MB-231 and MCF-7 cells (only for NPs) were seeded at 5 x 10* cells/well in a 24-well plate.
After 24 h, cells were treated with JE2e (ECso = 3.37 uM and 2 x ECso = 6.74 uM), JE5 (ECsp = 0.79 uM
and 2 x ECso = 1.58 uM), JE6 (ECso = 1.77 uM and 2 x ECsp = 3.54 uM), JE22 (ECso = 8 uM and 4 x ECsg
=32 uM), JE22-NPs at 20,000 NPs/cell (36 nM) and Naked-NPs (52) (20,000 NPs/cell) for 24 h. Cells
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incubated in the absence of the apoptosis inducing agent were used as the negative control,
whereas cells incubated with H,0; (2 mM) for 4 h at 37 °C served as the positive control. The
experiments were performed using the Annexin V-FITC detection kit (Tali Apoptosis Kit -Annexin V
Alexa Fluor 488 and PI) according to the manufacturer’s instructions, and the samples were analyzed
by flow cytometry with a FACSCanto Il flow cytometer. Flowjo® 10 software was used for data

treatment. The analysis was performed in three independent assays.

4.1.2.6. Statistical analysis

One-way ANOVA analysis was performed using the statistical analysis software Sigmastat 3.5 and

GraphPad 8.0.
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4.2. Experimental section of chapter 3.1

4.2.1. Computational

4.2.1.1. Systems set up

The crystal structure of the murine CD44-HABD at 1.4 A resolution (PDB ID: 5BZK)®® was used as a
starting point for the computational work. The binding modes of the set of compounds employed in
this study were investigated by docking and subsequently, a selection underwent MD simulations.
The geometries of each ligand were first built in GaussView6 software, and the ground state
geometries of the neutral compounds were optimized with the GAUSSIAN package first at the
Hartree-Fock level of theory using the 6-31G (d, p) basis set and subsequently, using the B3LYP

functional using the same basis set.

4.2.1.2. Molecular docking calculations

Docking was performed on JE1-JE6 using AutoDock4.0.2% Crystal water molecules were removed
from the PDB file. Protonation states of the protein were assigned using PropKa.?®” AutoDock4.2 was
used for all docking calculations. The Lamarckian genetic algorithm (LGA) and an empirical free
energy function were used to search the conformational and orientation space of the inhibitors

while keeping the protein structure rigid.*®

Docking parameters included an initial population of 150 randomly placed individual ligands, a
maximum number of 25 million energy evaluations, a maximum of 27,000 generations, mutation
and crossover rates of 0.02 and 0.80, respectively, and an elitism value of 1. AutoTors, as
implemented in Autodock Tool Kit?® was used to define the ligand torsional degrees of freedom.
The grid maps representing the protein during the docking process were calculated with AutoGrid
4.2, with a grid dimension of 60 x 60 x 60 grid points, a spacing of 0.375 A, and the center of the box
was placed at the CD44-HABD binding site reported in some crystal structures (PDB entries: 4MRF,
4MRG, 4NP2, 4NP3, 5BZK, 5BZL, 5BZJ, 5BZM, 5BZQ, 5BZR and 5BZS). Ten independent runs were
carried out for each ligand, and the docking solutions were clustered by RMSD, using a threshold of 2
A. The search methods employed are stochastic and a set of optimal docked conformations is
predicted. To evaluate the docking protocol used, a comparison with poses observed in some of the
available crystal structures negative controls were considered. The poses resulted were analyzed

using two approaches: (1) The docking results were visually inspected, (negative controls). The
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conformations with comparable orientations for each ligand were then selected. (2) The docking
results were clustered spatially and classified considering the lowest energy for each ligand. The
solutions obtained were highly clusterized which is an indication that the conformational search

procedure is exhaustive enough to ensure coverage of the accessible conformational space.

4.2.1.3. MD simulations

The software NAMD2.14%° was used to perform the MD simulations of compounds JE2e, JES and
JE6. The chemistry at Harvard macromolecular mechanics (CHARMM) 36 parameters were used for
the protein and ions,?°2%2 and the transferable intermolecular potential with 3 points (TIP3P) model
was used for water.?®® The charges and parameters for the ligands were compiled using the
CHARMM-GUI ligand modeller interface?® that generates the ligand force field parameters and
topology files by searching for small molecules in the verified CHARMM force field library or using
the CHARMM general force field (CGenFF). The protein was inserted in a water box of 90 x 90 x 90
A3 dimensions and KCl was added up to a final concentration of 150 mM. The final systems were

composed of ~45,000 atoms.

Five independent replicas were considered per system and each of them was run for 200 ns. In total,
3 ps of trajectories were analyzed after disregarding the equilibration period. The same equilibration
protocol was used for all the simulations, consisting of 10,000 steps of energy minimization,
followed by 10 ns of dynamics in the constant-temperature, constant-pressure ensemble (NPT) with
timestep equal to 1 fs and 200 ns of dynamics in the NPT ensemble with timestep equal to 1 fs. In
the course of the equilibration, restraints on the heavy atoms of the protein were gradually reduced
to zero in four stages of 50 ps (1.0, 0.5 0.25 and 0.1 kcal mol for the backbone and 0.5, 0.25 0.125
and 0.05 kcal mol for the sidechain). Restraints on heavy atoms of the ligand were also released in a
similar way (1.0, 0.5 0.25 and 0.1 kcal mol run for 50 ps each). Long-range electrostatic interactions
were calculated with the Particle Mesh Ewald method using a grid spacing of 1.0 A?> and NAMD
defaults for spline and k values. A 12 A cut-off was applied to non-bonded forces. Both electrostatics
and van der Waals forces were smoothly switched off between the switching distance of 10 A and
the cut-off distance of 12 A, using the default switching function in NAMD. The multi-time step
algorithm Verlet-1/r-RESPA was used to integrate the equations of motion.?® The temperature was
controlled at 298 K by coupling to a Langevin thermostat with a damping coefficient of 1 ps™.2%7 A
pressure of 1 atm was maintained by coupling the system to a Langevin piston,?®® with a damping
constant of 25 ps and a period of 50 ps. Analysis of the trajectories was performed using tcl scripts

written in-house.
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4.2.2. Chemistry and characterization

18,248 23,255 19,248 JE1a,2* JE1g?*° and JE4a,?>' were synthesized as reported. Although compounds
JE1c,?® JE1d,3°° JE1f3°! JE4b,3°2 JE4c,>* JE4e,*** JE4F3% and JE4g®*® are reported, they were

synthetized following the described protocols for JE1a,**® JE1g>*° and JE4a.?>!

4.2.2.1. General procedure for the synthesis of 5-amino (18), 8-amino (19) and 5-hydroxy (23) THIQ

intermediates

To a solution of aminoisoquinoline (16 or 17) or 5-hydroxyisoquinoline (22) (1 eq.) in glacial AcOH
(0.057 mL/mmol) and H,SO, (96%) (0.054 mL/mmol) was added PtO (0.06 eq.) and hydrogenated at
55 psi for 24 h. The mixture was filtered under vacuum over celite and the filtrate was neutralized
with a saturated solution of K,CO3; and extracted with DCM. The organic layer was washed twice with
a saturated solution of NaCl, dried (anhydrous Na,SQ.), filtered and concentrated under vacuum.
The crude was purified by crystallization with diethyl ether to give the intermediate product.

Compound 23 was isolated as acetate salt.

1,2,3,4-tetrahydroisoquinolin-5-amine (18)

NH,

NH

Brown solid (315 mg, 56%). Mp: 147-149 °C. *H NMR (500 MHz, CD;0D) & 6.92 (t, J = 7.7 Hz, 1H),
6.61 (d, J = 7.9 Hz, 1H), 6.45 (d, J = 7.9 Hz, 1H), 3.90 (s, 2H), 3.14 (t, J = 6.2 Hz, 2H), 2.56 (t, J = 6.2 Hz,
2H). 13C NMR (126 MHz, CDs0OD) & 146.32, 136.37, 127.26, 120.72, 117.37, 114.32, 48.94, 44.43,
24.47. HRMS (m/z): calcd. for CsH1sN, (M + H)*: 149.1079; found: 149.1085.

1,2,3,4-tetrahydroisoquinolin-8-amine (19)

NH,

Brown solid (243 mg, 48%). Mp: 115-117 °C. *H NMR (500 MHz, CDs0D) & 6.90 (t, J = 7.7 Hz, 1H),
6.55 (d, J = 7.8 Hz, 1H), 6.48 (d, J = 7.8 Hz, 1H), 3.75 (s, 2H), 3.00 (t, J = 5.9 Hz, 2H), 2.75 (t, /= 5.9 Hz,
2H). 13C NMR (126 MHz, CDs0D) 6 144.79, 136.04, 127.60, 121.37, 120.25, 114.31, 44.42, 43.93,
29.83. HRMS (m/z): calcd. for CosH13N> (M + H)*: 149.1079; found: 149.1086.
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1,2,3,4-tetrahydroisoquinolin-5-ol acetate (23)

OH
O

NHy* -O)K

Brown solid (1.04 g, 97%). *H NMR (500 MHz, CD;0D) 6§ 9.1 (s, 2H), 6.80 (dd, J = 7.9, 7.5 Hz, 1H), 6.52
(d, J=7.9Hz, 1H), 6.39 (d, J = 7.5 Hz, 1H), 3.71 (s, 2H), 3.3 (s, 1H), 2.84 (d, J = 6.0 Hz, 2H), 2.38 (d, J =
6.0 Hz, 2H), 1.79 (s, 3H).

4.2.2.2. General procedure for the synthesis of compounds JEla-JEle

To a solution of 20 (2 eq.) and TEA (1 eq.) in DCM (2 mL/mmol), the corresponding halide (1 eq.) was
added for 10 min at 0 °C. The mixture was stirred at rt for 20 h. Then, it was washed with a saturated
NaCl solution (3 x 20 mL), dried (anhydrous Na,SO.), filtered and concentrated under vacuum. The
residue was purified by flash chromatography using Hexane/Ethyl acetate (AcOEt) (8:2) as eluent,

except for JELle which was purified using Hexane/AcOEt (1:1).

N-benzyl-1,2,3,4-tetrahydroisoquinoline (JE1a)

Seve

Yellow oil (971 mg, 87%). *H NMR (500 MHz, CDCls) & 7.44 (d, J = 7.32 Hz, 2H), 7.38 (t, J = 7.34 Hz,
2H), 7.32 (d, J = 7.10 Hz, 1H), 7.20 — 7.10 (m, 3H), 7.02 (d, J = 7.2 Hz, 1H), 3.71 (s, 2H), 3.66 (s, 2H),
2.93 (t, J = 5.9 Hz, 2H), 2.77 (t, J = 5.9 Hz, 2H). 3C NMR (126 MHz, CDCls) 6 138.42, 134.93, 134.40,
129.09, 128.70, 128.30, 127.10, 126.61, 126.08, 125.56, 62.81, 56.14, 50.65, 29.18. HRMS (m/z):
calcd. for CigHisN (M + H)*: 224.1361; found: 224.1437.

2-(4-nitrobencyl)-1,2,3,4-tetrahydroisoquinoline (JE1b)

Yellow solid (1.218 g, 90%). Mp: 62-63 °C.*H NMR (500 MHz, CDCl3) 6 8.21 (d, J = 8.5 Hz, 2H), 7.64 (d,
J = 8.5 Hz, 2H), 7.18 — 7.12 (m, 3H), 6.99 (d, J = 7.5 Hz, 1H), 3.85 (s, 2H), 3.72 (s, 2H), 2.97 (t, J = 5.7
Hz, 2H), 2.85 (t, J = 5.7 Hz, 2H). 3C NMR (126 MHz, CDCls) 6 147.56, 133.76, 133.55, 130.60, 129.87,
128.91, 126.73, 126.71, 126.09, 123.82, 61.45, 55.77, 50.75, 28.65. HRMS (m/z): calcd. for
C16H17N20, (M + H)*: 269.1212; found: 269.1310.
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2-(4-bromobencyl)-1,2,3,4-tetrahydroisoquinoline (JE1c)

White solid (1.520 g, 84%). Mp: 72-74 °C. *H NMR (500 MHz, CDCls3) § 7.47 (d, J = 8.3 Hz, 2H), 7.32 (d,
J =8.3 Hz, 2H), 7.18 — 7.09 (m, 3H), 6.99 (d, J = 6.8 Hz, 1H), 3.70 (s, 2H), 3.68 (s, 2H), 2.94 (t, /= 5.8
Hz, 2H), 2.81 (t, J = 5.8 Hz, 2H). 3C NMR (126 MHz, CDCl;) & 136.53, 133.93, 133.33, 131.68, 131.05,
128.87, 126.75, 126.59, 125.99, 121.47, 61.59, 55.65, 50.49, 28.65. HRMS (m/z): calcd. for C16H1,BrN
(M + H)*: 302.0466; found: 302.0564.

2-(4-(trifluoromethyl)benzyl)-1,2,3,4-tetrahydroisoquinoline (JE1d)

F
F

@ .

White solid (230 mg, 86%). Mp: 64-68 °C. *H NMR (500 MHz, CDCl5) 6 7.60 (d, J = 8.1 Hz, 2H), 7.54 (d,
J=8.1Hz, 2H), 7.19 - 7.09 (m, 3H), 7.00 (d, J = 7.7 Hz, 1H), 3.75 (s, 2H), 3.65 (s, 2H), 2.92 (t, J = 5.8
Hz, 2H), 2.76 (t, J = 5.8 Hz, 2H). 3C NMR (126 MHz, CDCls) 6 142.92, 134.73, 134.35, 129.24, 128.87,
126.70, 126.37, 125.81, 125.41, 125.37, 123.07, 62.31, 56.26, 50.87, 29.26. HRMS (m/z): calcd. for
Ci7H17FsN (M + H)*: 292.1235; found: 292.1309.

2-(3,4,5-trimethoxybenzyl)-1,2,3,4-tetrahydroisoquinoline (JEle)

White solid (31 mg, 20%). Mp: 87-89 °C. 'H NMR (500 MHz, CD;0D) 6 7.12 — 7.08 (m, 3H), 7.02 —
6.99 (m, 1H), 6.74 (s, 2H), 3.84 (s, 6H), 3.77 (s, 3H), 3.64 (s, 2H), 3.63 (s, 2H), 2.92 (t, J = 6.0 Hz, 2H),
2.77 (t, J = 6.0 Hz, 2H). 3C NMR (126 MHz, CD;0D) 6 154.48, 138.36, 135.45, 135.15, 134.70, 129.65,
127.62, 127.47, 126.86, 107.77, 63.89, 61.10, 57.05, 56.59, 51.74, 29.60. HRMS (m/z): calcd. for
CigH24NO3 (M + H)*: 314.1756; found: 314.1755.

4.2.2.3. General procedure for the synthesis of compounds JE1f and JE1g

A solution of 20 (1 eq.) and TEA (1.2 eq.) in DCM (20 mL/mmol) was cooled to 0 °C. The
corresponding halide (1.2 eq.) was added to the mixture and stirred for 10 min. The reaction was

then stirred for 1 h at rt. It was washed with water (1 x 10 mL) and saturated NaCl solution (3 x 10
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mL), dried (anhydrous Na,SO4), filtered and concentrated under vacuum. The crude was purified by

flash column chromatography using a Hexane/AcOEt (5:1 - 1:1) solvent gradient as eluent.

2-((4-nitrophenyl)sulfonyl)-1,2,3,4-tetrahydroisoquinoline (JE1f)

N\ /©/
S

2N

Yellow solid (194 mg, 61%). Mp: 180-182 °C. 'H NMR (500 MHz, CDCls) & 8.35 (d, J = 8.7 Hz, 2H),
8.01 (d, /= 8.7 Hz, 2H), 7.19 = 7.13 (m, 2H), 7.10 = 7.01 (m, 2H), 4.35 (s, 2H), 3.47 (t, J = 5.9 Hz, 2H),
2.92 (t, J = 5.9 Hz, 2H). *C NMR (126 MHz, CDCl5) 6 150.25, 143.10, 132.83, 131.02, 129.03, 128.82,
127.21, 126.72, 126.37, 124.46, 47.51, 43.84, 28.71. HRMS (m/z): calcd. for CisH1sN204S (M + H)*:
319.0674; found: 319.0733.

2-tosyl-1,2,3,4-tetrahydroisoquinoline (JE1g)

7N

White solid (312 mg, 100%). Mp: 148-150 °C. *H NMR (500 MHz, CDCls) 6 7.73 (d, J = 8.2 Hz, 2H),
7.32(d, J=8.2 Hz, 2H), 7.16 — 7.11 (m, 2H), 7.09 — 7.06 (m, 1H), 7.04 — 7.01 (m, 1H), 4.25 (s, 2H), 3.36
(t, J = 5.9 Hz, 2H), 2.93 (t, J = 5.9 Hz, 2H), 2.42 (s, 3H). *C NMR (126 MHz, CDCl;) 6 143.78, 133.44,
133.20, 131.78, 129.82, 128.92, 127.87, 126.84, 126.48, 126.45, 47.67, 43.85, 29.00, 21.65. HRMS
(m/z): calcd. for C1sH1sNO>S (M + H)*: 288.0980; found: 288.1082.

4.2.2.4. General procedure for the synthesis of 5-amino (JE2a-JE2g) and 8-amino (JE3a-JE3i)

derivatives

A solution of 18 or 19 (1 eq.) and TEA (1.2 eq.) in absolute EtOH (3 mL/mmol) was cooled to 0 °C. The
corresponding phenylmethyl or phenylsulfonyl halide (1 eq.) was added and stirred for 10 min.
Subsequently, the reaction was stirred at rt for 3 h for compounds JE2a, JE2b, JE2d, JE2f, JE2g, JE3a,
JE3c, JE3f and JE3g and 20 h for compounds JE2c, JE2e, JE3b, JE3d and JE3e. The mixture was
concentrated under vacuum and the residue was purified by flash column chromatography using a
Hexane/AcOEt (3:1 > 1:1) solvent gradient as eluent, except compounds JE2e and JE3e which were

purified using a mixture of DCM/MeOH (9.9:0.1 = 9.6:0.4) solvent gradient as eluent.
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2-benzyl-1,2,3,4-tetrahydroisoquinolin-5-amine (JE2a)

e

Yellow oil (53 mg, 66%). *H NMR (500 MHz, CD;0D) & 7.42 — 7.38 (m, 2H), 7.38 — 7.33 (m, 2H), 7.33 -

NH,

7.29 (m, 1H), 6.90 (t, J = 7.7 Hz, 1H), 6.59 (d, J = 7.5 Hz, 1H), 6.40 (d, J = 7.5 Hz, 1H), 3.69 (s, 2H), 3.58
(s, 2H), 2.81 (t, J = 6.1 Hz, 2H), 2.62 (t, J = 6.1 Hz, 2H). 3C NMR (126 MHz, CD;0D) & 146.12, 138.26,
135.79, 130.85, 129.42, 128.56, 127.46, 120.43, 117.60, 114.41, 63.52, 57.31, 51.54, 24.98. HRMS
(m/z): calcd. for CigH19N2 (M + H)*: 239.1548; found: 239.1533.

2-(4-nitrobenzyl)-1,2,3,4-tetrahydroisoquinolin-5-amine (JE2b)

NO,
Y

Yellow solid (105 mg, 55%). Mp: 144-146 °C. *H NMR (500 MHz, DMSO) 6 8.22 (d, J = 8.7 Hz, 2H),

NH,

7.66 (d, J = 8.7 Hz, 2H), 6.80 (t, J = 7.7 Hz, 1H), 6.45 (d, J = 7.5 Hz, 1H), 6.21 (d, J = 7.5 Hz, 1H), 4.78 (s,
2H), 3.76 (s, 2H), 3.47 (s, 2H), 2.71 (t, J = 6.0 Hz, 2H), 2.48 (t, J = 6.0 Hz, 2H). 3C NMR (126 MHz,
DMSO) & 147.13, 146.60, 145.96, 134.79, 129.59, 125.83, 123.43, 117.99, 114.20, 111.65, 60.77,
55.88, 50.46, 24.28. HRMS (m/z): calcd. for C16H1sN30; (M + H)*: 284.1399; found: 284.1376.

2-(4-bromobenzyl)-1,2,3,4-tetrahydroisoquinolin-5-amine (JE2c)

Br
NM©/

Yellow oil (74 mg, 69%). *H NMR (500 MHz, CDs0D) & 7.49 (d, J = 8.4 Hz, 2H), 7.32 (d, J = 8.4 Hz, 2H),

NH,

6.89 (t, J = 7.7 Hz, 1H), 6.58 (d, J = 7.1 Hz, 1H), 6.39 (d, / = 7.1 Hz, 1H), 3.64 (s, 2H), 3.55 (s, 2H), 2.78
(t, J = 6.2 Hz, 2H), 2.61 (t, J = 6.2 Hz, 2H). 3C NMR (126 MHz, CD;OD) 6 146.13, 137.83, 135.76,
132.63, 132.51, 127.47, 122.28, 120.38, 117.59, 114.41, 62.66, 57.30, 51.56, 25.04. HRMS (m/z):
calcd. for Ci6H18BrN, (M + H)*: 317.0653; found: 317.0663.
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2-(4-(trifluoromethyl)benzyl)-1,2,3,4-tetrahydroisoquinolin-5-amine (JE2d)

NH F
2 F

F
N

Yellow solid (68 mg, 66%). Mp: 70-72 °C. *H NMR (500 MHz, CDs0D) & 7.65 (d, J = 8.2 Hz, 2H), 7.60
(d, J = 8.2 Hz, 2H), 6.89 (t, J = 7.7 Hz, 1H), 6.59 (d, J = 7.8 Hz, 1H), 6.40 (d, J = 7.8 Hz, 1H), 3.76 (s, 2H),
3.58 (s, 2H), 2.80 (t, J = 6.1 Hz, 2H), 2.62 (t, J = 6.1 Hz, 2H). 3C NMR (126 MHz, CD;0OD) & 146.13,
143.48, 135.80, 131.13, 130.53, 127.46, 126.27, 126.25, 120.40, 117.58, 114.41, 62.84, 57.44, 51.71,
25.12. HRMS (m/z): calcd. for Ci7H1sF3sN2 (M + H)*: 307.1422; found: 307.1425.

2-(3,4,5-trimethoxybenzyl)-1,2,3,4-tetrahydroisoquinolin-5-amine (JE2e)

NH, o)

White solid (61 mg, 55%). Mp: 145-147 °C. *H NMR (500 MHz, DMSO) & 6.80 (t, J = 7.7 Hz, 1H), 6.65
(s, 2H), 6.44 (d, J = 7.8 Hz, 1H), 6.23 (d, J = 7.8 Hz, 1H), 4.76 (s, 2H), 3.75 (s, 6H), 3.65 (s, 3H), 3.53 (s,
2H), 3.45 (s, 2H), 2.66 (t, J = 5.7 Hz, 2H), 2.45 (t, J = 5.7 Hz, 2H). *C NMR (126 MHz, DMSO) & 152.80,
145.96, 136.29, 135.11, 134.35, 125.83, 118.23, 114.30, 111.61, 105.54, 61.90, 60.00, 56.07, 55.81,
50.25, 24.30. HRMS (m/z): calcd. for CisH2sN203 (M + H)*: 329.1865; found: 329.1846.

2-((4-nitrophenyl)sulfonyl)-1,2,3,4-tetrahydroisoquinolin-5-amine (JE2f)

NO,
N\ /©/
S

7N,

NH»

Orange solid (92 mg, 82%). Mp: 201-203 °C. '"H NMR (500 MHz, DMSO) 6§ 8.42 (d, J = 8.7 Hz, 2H), 8.09
(d, J= 8.7 Hz, 2H), 6.86 (t, J = 7.7 Hz, 1H), 6.48 (d, J = 7.8 Hz, 1H), 6.35 (d, J = 7.8 Hz, 1H), 4.89 (s, 2H),
4.17 (s, 2H), 3.40 (t, J = 6.0 Hz, 2H). 3C NMR (126 MHz, DMSO) & 149.93, 146.16, 141.77, 131.48,
128.93, 126.39, 124.57, 116.66, 113.88, 112.26, 47.58, 43.49, 23.51. HRMS (m/z): calcd. for
Ci1sH16N304S (M + H)*: 334.0862; found: 334.0838.
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2-tosyl-1,2,3,4-tetrahydroisoquinolin-5-amine (JE2g)

NH,

White solid (84 mg, 82%). Mp: 182-184 °C. *H NMR (500 MHz, CDCls) 6 7.72 (d, J = 8.2 Hz, 2H), 7.33
(d, J=8.2 Hz, 2H), 7.03 (t, J = 7.8 Hz, 1H), 6.74 (d, J = 7.7 Hz, 1H), 6.62 (d, / = 7.7 Hz, 1H), 4.18 (s, 2H),
3.37 (t, J = 5.9 Hz, 2H), 2.74 (t, J = 5.9 Hz, 2H), 2.42 (s, 3H). *C NMR (126 MHz, CDCls) & 143.91,
140.93, 133.14, 133.08, 129.87, 127.94, 127.20, 120.34, 119.18, 115.32, 47.95, 43.56, 24.42, 21.67.
HRMS (m/z): calcd. for C16H19N,0,S (M + H)*: 303.1167; found: 303.1156.

2-benzyl-1,2,3,4-tetrahydroisoquinolin-8-amine (JE3a)
N M@

Yellow solid (47 mg, 58%). Mp: 90-92 °C. '"H NMR (500 MHz, CD;0D) 6 7.41 (d, J = 7.4 Hz, 2H), 7.35 (t,

NH,

J=7.5Hz, 2H), 7.28 (t, J = 7.5 Hz, 1H), 6.90 (t, J = 7.7 Hz, 1H), 6.55 (d, J = 7.9 Hz, 1H), 6.50 (d, J = 7.9
Hz, 1H), 3.75 (s, 2H), 3.50 (s, 2H), 2.82 (t, J = 5.8 Hz, 2H), 2.68 (t, J = 5.8 Hz, 2H). 13C NMR (126 MHz,
CDsOD) & 144.75, 138.45, 135.67, 130.79, 129.41, 128.50, 127.69, 121.04, 119.73, 114.22, 63.89,
53.12, 50.73, 30.09. HRMS (m/z): calcd. for C17H1sNaFs (M + H)*: 307.1402; found: 307.1422.

2-(4-nitrobenzyl)-1,2,3,4-tetrahydroisoquinolin-8-amine (JE3b)

NO,
N\/©/

Yellow solid (43 mg, 45%). Mp: 138-140 °C. *H NMR (500 MHz, DMSO) 6 8.21 (d, J = 8.8 Hz, 2H), 7.66

NH,

(d, J = 8.8 Hz, 2H), 6.82 (t, J = 7.7 Hz, 1H), 6.43 (d, J = 7.9 Hz, 1H), 6.33 (d, J = 7.9 Hz, 1H), 4.66 (s, 2H),
3.81 (s, 2H), 3.32 (s, 2H), 2.73 (t, J = 5.7 Hz, 2H), 2.62 (t, J = 5.7 Hz, 2H). 3C NMR (126 MHz, DMSO) &
147.12, 146.55, 144.48, 134.14, 129.56, 126.02, 123.36, 118.86, 116.41, 111.62, 61.18, 51.78, 49.77,
29.29. HRMS (m/z): calcd. for Ci6H1sN3O> (M + H)*: 284.1371; found: 284.1399.
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2-(4-bromobenzyl)-1,2,3,4-tetrahydroisoquinolin-8-amine (JE3c)

Br
N\/©/

Yellow oil (63 mg, 60%). *"H NMR (500 MHz, CDs0D) 6 7.50 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.4 Hz, 2H),

NH,

6.90 (t, J = 7.7 Hz, 1H), 6.55 (d, J = 7.8 Hz, 1H), 6.50 (d, J = 7.8 Hz, 1H), 3.71 (s, 2H), 3.47 (s, 2H), 2.83
(t, J = 5.8 Hz, 2H), 2.68 (t, J = 5.8 Hz, 2H). **C NMR (126 MHz, CD;0D) & 144.74, 138.03, 135.64,
132.57, 132.51, 127.71, 122.21, 121.03, 119.75, 114.25, 63.05, 53.05, 50.88, 30.16. HRMS (m/z):
calcd. for C1¢H1sN2Br (M + H)*: 317.0647; found: 317.0653.

2-(4-(trifluoromethyl)benzyl)-1,2,3,4-tetrahydroisoquinolin-8-amine (JE3d)

F
F

F

NH,

Yellow oil (60 mg, 58%). *H NMR (500 MHz, CDsOD) & 7.65 (d, J = 8.5 Hz, 2H), 7.62 (d, J = 8.5 Hz, 2H),
6.91 (t, J = 7.7 Hz, 1H), 6.56 (d, J = 7.9 Hz, 1H), 6.51 (d, J = 7.9 Hz, 1H), 3.84 (s, 2H), 3.51 (s, 2H), 2.84
(t, J = 5.8 Hz, 2H), 2.72 (t, J = 5.8 Hz, 2H). 3C NMR (126 MHz, CDsOD) & 144.74, 143.58, 135.62,
131.07, 130.63, 127.73, 126.28, 125.79, 120.98, 119.76, 114.28, 63.18, 53.12, 51.06, 30.20. HRMS
(m/z): calcd. for Ci7H1sN2F3 (M + H)*: 307.1402; found: 307.1422.

2-(3,4,5-trimethoxybenzyl)-1,2,3,4-tetrahydroisoquinolin-8-amine (JE3e)

NH,

Yellow solid (20 mg, 63%). Mp: 127-129 °C. 'H NMR (500 MHz, DMSO) 6 6.81 (t, J = 7.7 Hz, 1H), 6.67
(s, 2H), 6.43 (d, J = 7.5 Hz, 1H), 6.32 (d, / = 7.5 Hz, 1H), 4.68 (s, 2H), 3.76 (s, 6H), 3.64 (s, 3H), 3.60 (s,
2H), 3.34 (s, 2H), 2.70 (t, J = 5.5 Hz, 2H), 2.56 (t, J = 5.5 Hz, 2H). 3*C NMR (126 MHz, DMSO) & 152.75,
144.52, 136.23, 134.42, 134.37, 125.97, 119.23, 116.45, 111.60, 105.52, 62.18, 59.94, 55.78, 51.99,
49.38, 29.34. HRMS (m/z): calcd. for C1oH25N205 (M + H)*: 329.1848; found: 329.1865.
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2-((4-nitrophenyl)sulfonyl)-1,2,3,4-tetrahydroisoquinolin-8-amine (JE3f)

NO,
S

N

NH,

Orange solid (90 mg, 80%). Mp: 216-218 °C. '"H NMR (500 MHz, DMSO) & 8.44 (d, J = 9.0 Hz, 2H), 8.15
(d, J=9.0 Hz, 2H), 6.85 (t, J = 7.7 Hz, 1H), 6.47 (d, J = 7.9 Hz, 1H), 6.33 (d, / = 7.9 Hz, 1H), 5.02 (s, 2H),
3.98 (s, 2H), 3.30 (t, J = 5.9 Hz, 2H), 2.78 (t, J = 5.9 Hz, 2H). 3C NMR (126 MHz, DMSO) & 149.99,
144.66, 141.51, 132.98, 129.07, 126.83, 124.54, 116.39, 115.19, 112.17, 44.10, 43.14, 28.57. HRMS
(m/2): calcd. for CisH16N304S (M + H)*: 334.0832; found: 334.0862.

2-tosyl-1,2,3,4-tetrahydroisoquinolin-8-amine (JE3g)

LT
S

7N

NH,

White solid (126 mg, 100%). Mp: 260-262 °C. 'H NMR (500 MHz, DMSO) & 7.78 (d, J = 8.3 Hz, 2H),
7.45 (d, J = 8.3 Hz, 2H), 6.85 (t, J = 7.7 Hz, 1H), 6.47 (d, J = 7.9 Hz, 1H), 6.32 (d, J = 7.9 Hz, 1H), 4.9 (s,
2H), 3.88 (s, 2H), 3.16 (t, J = 5.8 Hz, 2H), 2.76 (t, J = 5.8 Hz, 2H), 2.41 (s, 3H). 3C NMR (126 MHz,
DMSO) & 144.68, 143.49, 133.11, 132.72, 129.73, 127.63, 126.69, 116.37, 115.56, 112.12, 44.15,
43.18, 28.68, 20.98. HRMS (m/z): calcd. for C16H19N,0,S (M + H)*: 303.1167; found: 303.1167.

N,2-bis(4-nitrobenzyl)-1,2,3,4-tetrahydroisoquinolin-8-amine (JE3h)

NO,
N\/©/

NO,

Orange solid (14 mg, 10%). Mp: 170-172 °C. 'H NMR (500 MHz, CDCl3) & 8.18 (dd, J = 17.0, 8.6 Hz,
4H), 7.61 (d, J = 8.6 Hz, 2H), 7.48 (d, J = 8.6 Hz, 2H), 7.00 (t, J = 7.8 Hz, 1H), 6.61 (d, J = 7.6 Hz, 1H),
6.28 (d, J = 7.6 Hz, 1H), 4.49 (s, 2H), 3.87 (s, 2H), 3.52 (s, 2H), 2.92 (t, J = 5.6 Hz, 2H), 2.76 (t, /= 5.6
Hz, 2H). 3C NMR (126 MHz, CDCls) 6 147.45, 147.37, 147.35, 146.52, 146.46, 143.42, 135.12, 129.45,
127.71, 127.10, 124.04, 123.83, 118.96, 108.22, 62.23, 52.07, 50.03, 47.58, 29.79. HRMS (m/z):
calcd. for Ca3H23N404 (M + H)*: 419.1719; found: 419.1745.
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N,2-bis(4-(trifluoromethyl)benzyl)-1,2,3,4-tetrahydroisoquinolin-8-amine (JE3i)

F
F

F

Yellow solid (14 mg, 10%). Mp: 123-125 °C. *H NMR (500 MHz, CD;OD) & 7.64 (q, J = 8.4 Hz, 4H), 7.56
(d, J = 8.2 Hz, 2H), 7.48 (d, J = 8.2 Hz, 2H), 6.88 (t, J = 7.8 Hz, 1H), 6.44 (d, J = 7.5 Hz, 1H), 6.26 (d, J =
7.5 Hz, 1H), 4.45 (s, 2H), 3.86 (s, 2H), 3.58 (s, 2H), 2.84 (t, J = 5.8 Hz, 2H), 2.72 (t, J = 5.8 Hz, 2H). 13C
NMR (126 MHz, CD3;0D) 6 146.61, 145.33, 143.63, 135.46, 131.06, 128.44, 127.75, 126.90, 126.87,
126.27, 126.23, 124.75, 124.71, 120.36, 118.68, 109.33, 63.15, 53.21, 50.79, 47.84, 30.30. HRMS
(m/2): calcd. for CasHa3FsN2 (M + H)*: 465.1765; found: 465.1785.

4.2.2.5. General procedure for the synthesis of compounds JE4a-JE4g, JE5 and JE6

A solution of 21 or 23 or 24 (1 eq.) and TEA (1 eq.) in absolute EtOH (3 mL/mmol) was stirred at rt for
1 h. Then, the corresponding halide (1 eq.) and a second eq. of TEA were added and the reaction
mixture was stirred at rt for 3.5 h or 20 h for JE4e, JE5 and JE6. The EtOH was removed under
vacuum and the residue was dissolved in DCM and washed with a saturated NaCl solution (3 x 10
mL), dried (anhydrous Na,SO.), filtered and concentrated under vacuum. The reaction crude was

purified by flash chromatography using a Hexane/AcOEt (3:1 - 1:1) solvent gradient as eluent.

Once the reaction time has ended, for compounds JE4b, JE4f and JE4g a suspension with a high
amount of solid was observed and filtered under vacuum. This solid turned out to be the target
compound. The filtering followed the same procedure as described above, their purification enabled
to obtain a small additional amount of the target compound. The yield of the reaction indicated for

each of the compounds is the result of both fractions.

2-benzyl-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline (JE4a)

Yellow solid (732 mg, 59%). Mp: 110-112 °C. *H NMR (500 MHz, CDCls) 6 7.41 — 7.31 (m, 2H), 7.34 —
7.29 (m, 2H), 7.28 — 7.22 (m, 1H), 6.58 (s, 1H), 6.47 (s, 1H), 3.82 (s, 3H), 3.79 (s, 3H), 3.67 (s, 2H), 3.53
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(s, 2H), 2.86 —2.77 (m, 2H), 2.75 — 2.66 (m, 2H). **C NMR (126 MHz, CDCls) & 147.45, 147.14, 138.37,
129.09, 128.25, 127.06, 126.67, 126.18, 111.40, 109.47, 62.74, 55.88, 55.86, 55.65, 50.76, 28.68.
HRMS (m/z): calcd. for C1gH22NO> (M + H)*: 284.1572; found: 284.1654.

6,7-dimethoxy-2-(4-nitrobenzyl)-1,2,3,4-tetrahydroisoquinoline (JE4b)

/OI;C \/©/N02
N
~o

Yellow solid (60 mg, 55%). Mp: 116-118 °C. *H NMR (500 MHz, CDCls) & 8.20 (d, J = 8.6 Hz, 2H), 7.65
(d, J = 8.6 Hz, 2H), 6.61 (s, 1H), 6.47 (s, 1H), 3.86 (s, 2H), 3.84 (s, 3H), 3.80 (s, 3H), 3.65 (s, 2H), 2.95 —
2.80 (m, 4H). 3C NMR (126 MHz, CDCls) 6 148.06, 147.72, 147.66, 147.60, 130.01, 125.47, 124.64,
123.83, 111.55, 109.50, 61.19, 56.07, 55.20, 50.77, 28.04. HRMS (m/z): calcd. for CisH21N204 (M +
H)*: 329.1423; found: 329.1489.

2-(4-bromobenzyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline (JE4c)

N
~o
Yellow solid (263 mg, 67%). Mp: 108-110 °C. *H NMR (500 MHz, CDCl3) § 7.48 (d, J = 8.3 Hz, 2H), 7.36
(d, J = 8.3 Hz, 2H), 6.60 (s, 1H), 6.46 (s, 1H), 3.83 (s, 3H), 3.80 (s, 3H), 3.77 (s, 2H), 3.67 (s, 2H), 2.95 —
2.85 (m, 4H). 3C NMR (126 MHz, CDCl;) § 148.13, 147.72, 132.78, 131.82, 131.38, 131.36, 131.09,

130.80, 111.51, 109.54, 56.08, 56.07, 50.32, 47.16, 29.83, 25.77. HRMS (m/z): calcd. for CisH2:BrNO>
(M + H)*: 362.0677; found: 362.0787.

6,7-dimethoxy-2-(4-(trifluoromethyl)benzyl)-1,2,3,4-tetrahydroisoquinoline (JE4d)

F
F

N
~o
Yellow solid (54 mg, 61%). Mp: 106-108 °C. 'H NMR (500 MHz, CDCl3) & 7.60 (d, J = 8.3 Hz, 2H), 7.55
(d, /= 8.3 Hz, 2H), 6.61 (s, 1H), 6.48 (s, 1H), 3.84 (s, 3H), 3.81 (s, 3H), 3.78 (s, 2H), 3.60 (s, 2H), 2.90 —
2.84 (m, 2H), 2.83 — 2.77 (m, 2H). 3C NMR (126 MHz, CDCls) & 147.88, 147.52, 142.00, 129.48,

128.38, 125.82, 125.67, 125.47, 125.43, 122.97, 111.56, 109.56, 61.80, 56.05, 55.41, 50.78, 28.34.
HRMS (m/z): calcd. for C1sH21F3sNO, (M + H)*: 352.1446; found: 352.1536.
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6,7-dimethoxy-2-(3,4,5-trimethoxybenzyl)-1,2,3,4-tetrahydroisoquinoline (JE4e)

White solid (120 mg, 49%). Mp: 116-117 °C. *H NMR (500 MHz, CDCls) & 6.64 (s, 2H), 6.61 (s, 1H),
6.51 (s, 1H), 3.87 — 3.82 (m, 15H), 3.61 (s, 2H), 3.57 (s, 2H), 2.82 (t, J = 5.7 Hz, 2H), 2.72 (t, J = 5.8 Hz,
2H). 3C NMR (126 MHz, CDCls) & 153.06, 147.64, 147.26, 136.88, 133.40, 126.16, 126.13, 126.01,
111.50, 109.61, 106.30, 62.91, 60.72, 55.97, 55.92, 55.78, 55.51, 50.63, 28.11. HRMS (m/z): calcd.
for Cy3H27NOs (M + H)*: 374.1967; found: 374.1974.

6,7-dimethoxy-2-((4-nitrophenyl)sulfonyl)-1,2,3,4-tetrahydroisoquinoline (JE4f)

So0VeN
N\
~o s

N

o O

White solid (293 mg, 67%). Mp: 118-120 °C. *H NMR (500 MHz, CDCls) & 8.35 (d, J = 8.8 Hz, 2H), 8.01
(d, J = 8.8 Hz, 2H), 6.54 (s, 1H), 6.50 (s, 1H), 4.27 (s, 2H), 3.82 (s, 3H), 3.81 (s, 3H), 3.44 (t, J = 5.9 Hz,
2H), 2.83 (t, J = 5.9 Hz, 2H). 3C NMR (126 MHz, CDCls) & 150.27, 148.26, 148.06, 143.19, 128.82,
124.77, 124.46, 122.76, 111.52, 108.95, 56.10, 56.04, 47.23, 43.89, 28.31. HRMS (m/z): calcd. for
C17H19N206S (M + H)*: 379.0886; found: 379.0955.

6,7-dimethoxy-2-tosyl-1,2,3,4-tetrahydroisoquinoline (JE4g)

/OJCG Ji ]
N ~
~o S

N,

O O

White solid (323 mg, 86%). Mp: 142-144 °C. *H NMR (500 MHz, CDCls) 6 7.71 (d, J = 8.2 Hz, 2H), 7.31
(d, J = 8.2 Hz, 2H), 6.54 (s, 1H), 6.50 (s, 1H), 4.16 (s, 2H), 3.81 (s, 3H), 3.80 (s, 3H), 3.32 (t, J = 5.9 Hz,
2H), 2.83 (t, J = 5.9 Hz, 2H), 2.41 (s, 3H). 3C NMR (126 MHz, CDCls) § 147.97, 147.82, 143.73, 133.47,
129.78, 127.84, 125.13, 123.53, 111.45, 109.10, 56.05, 56.01, 47.35, 43.90, 28.54, 21.63. HRMS
(m/z): calcd. for C1gH22NO4S (M + H)*: 348.1191; found: 348.1258.
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2-(3,4,5-trimethoxybenzyl)-1,2,3,4-tetrahydroisoquinolin-5-ol (JE5)

OH @)

White solid (43 mg, 24%). Mp: 196-200 °C. *H NMR (500 MHz, DMSO) 6 9.25 (s, 1H), 6.91 (t, J = 7.8
Hz, 1H), 6.66 (s, 2H), 6.61 (d, J = 7.6 Hz, 1H), 6.48 (d, J = 7.6 Hz, 1H), 3.76 (s, 6H), 3.66 (s, 3H), 3.53 (d,
J=20.1 Hz, 4H), 2.63 (s, 4H). 13C NMR (126 MHz, DMSO) & 155.28, 153.26, 136.77, 136.65, 134.75,
121.61, 126.42, 117.38, 112.37, 105.99, 62.39, 60.43, 56.26, 56.14, 50.53, 24.07. HRMS (m/z): calcd.
for CisH24NO4 (M + H)*: 330.1693; found: 330.1681.

5-bromo-2-(3,4,5-trimethoxybenzyl)-1,2,3,4-tetrahydroisoquinoline (JE6)

Br (0]

White solid (174 mg, 74%). Mp: 88-91 °C. *H NMR (500 MHz, CDCls) & 7.40 (d, J = 7.4 Hz, 1H), 7.02 —
6.95 (m, 2H), 6.62 (s, 2H), 3.86 (s, 6H), 3.85 (s, 3H), 3.62 (s, 2H), 3.61 (s, 2H), 2.86 (t, J = 5.9 Hz, 2H),
2.76 (t, J = 6.0 Hz, 2H). 3C NMR (126 MHz, CDCls) 6 153.34, 137.59, 137.12, 134.45, 134.14, 130.31,
127.10, 125.89, 125.41, 105.72, 62.73, 61.00, 56.34, 56.28, 50.70, 30.43. HRMS (m/z): calcd. for
C1oH23BrNOs (M + H)*: 392.0861; found: 392.0843.

4.2.3. Biology

4.2.3.1. Spheroids assay

MDA-MB-231 spheroids were originated using the centrifugal forced-aggregation technique. Briefly,
cells were separated from the flasks using trypsin, washed with PBS, resuspended, and counted.
5,000 cells per well/100 pL were seeded in ultra-low attachment round bottom 96-well plates. Plates
were centrifuged at 290 g for 3 min and placed in a tissue culture incubator. After 24 h, 50 uL of
complete medium containing 18 pg/mL of collagen was added to each well to get the optimal
concentration of collagen (6 pg/mL). Then, plates were centrifuged at 100 g for 3 min and placed
back for 3 days in the incubator until the complete formation of spheroids. On day 5, spheroids were
treated with JE5 at various concentrations (1 uM, 10 uM and 100 uM) and DMSO (0.1% v/v) was

used as vehicle control. Each condition was performed in three biological replicates.
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On day 10 (5 days after treatment), a cell viability assay of 3D spheroids was performed.
PrestoBlue™ cell viability reagent (10% v/v) was added to each well and the plates were incubated
for 6 h. Following this, the plates were centrifuged at 290 g for 3 min and fluorescence emission was
determined using a GloMax-Multi Detection System (excitation filter at 540 nm and emission filter at

590 nm). The data were exported to Microsoft Excel and GraphPad Prism for analysis.

In addition, spheroids were imaged at time zero and after 5 days of treatment using an Olympus

CKX53 microscope (4x objective magnification) and processed with Imagel® software.
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4.3. Experimental section of chapter 3.2

4.3.1. Chemical materials and methods

Analytical TLC was performed on silica gel Macherey-Nagel poligram SIL/UV 254 of 0.25 mm and
monitoring with 254/365nm UV lamp.

Flash chromatography was performed using Isolera One (BiotageSweden) or traditional flash
chromatography with silica gel 60 (40-63 um). H, 3C, DEPT NMR spectra were recorded on a
VARIAN 500 MHz instrument. Chemical shifts (&) are reported in ppm, using the peak of
tetramethylsilane as an internal standard in deuterated solvents and coupling constants (J) are
reported in Hz. Following abbreviations are used for multiplicity: s (singlet), d (doublet), t (triplet), g
(quadruplet), m (multiplet) and dd (double doublet). Mass spectral analyses were performed by ESI
MICROMASS ZMD 2000 electrospray mass spectrometer.

For analytical profiles, a Beckmann System Gold 168 HPLC was used equipped with a Kinetex column
5 um EVO C18 100A (250 x 4.6 mm) and a variable wavelength UV detector fixed to 220 nm.
Analyses were carried out using H,O/CHsCN as eluent containing 0.1% v/v TFA, at a flow rate of 0.7
mL/min. The gradient elution was from 30 to 100% of solution B in 20 min for all compounds except

for JE12, which was from 0 to 100% of solution B in 25 min.

Compounds were purified by preparative reversed-phase HPLC using a Waters Delta Prep 3000
system with a Jupiter column C18 (250 x 30 mm, 300 A, 15 W spherical particle size). The column was
perfused at a flow rate of 20 mL/min with a mobile phase containing solvent A (100/0.1 of H,O/TFA)
and solvent B (40/60/0.1 of H,O/CH3CN/TFA) and a linear gradient programmed following the

analytical profile of the crude material.

These analyses were performed at the Department of Chemical and Pharmaceutical Sciences of the

University of Ferrara.

4.3.2. Synthesis of intermediate 30

4.3.2.1. Synthesis of 3-chloro-1-(2,3-dihydro-1H-inden-5-yl) propan-1-one (26)

A solution of 2,3-dihydro-1H-indene (25) (5.2 mL, 42.3 mmol) and 3-chloropropanoyl chloride (4 mL,
42.3 mmol) in DCM (16 mL) was added dropwise to a solution of AlICl; (6.2 g, 46.5 mmol) in DCM (70

mL) at -10 °C over 30 min. The mixture was stirred at rt for 16 h and quenched with cold HCI (3 N,

151



Jose Manuel Espejo Roman

1200 mL) at -10 °C over 45 min. The organic layer was then extracted with DCM (3 x 30 mL), dried
(anhydrous Na;S0.), filtered and concentrated under vacuum. The resulting grey solid was used in

the next step without further purification.

Cl

Grey solid (8.9 g, 56%). *H NMR (500 MHz, CDCl3) & 7.82 (s, 1H), 7.76 (d, J = 7.9 Hz, 1H), 7.31 (d, J =
7.9 Hz, 1H), 3.92 (t, J = 6.9 Hz, 2H), 3.44 (t, J = 6.9 Hz, 2H), 2.97 (t, /= 7.5 Hz, 4H), 2.13 (q, J = 7.5 Hz,
2H). MS (ESI): calcd. for C12H14CIO (M+H)*: 209.0655; found: 209.2343.

4.3.2.2. Synthesis of 3,5,6,7-tetrahydro-s-indacen-1(2H)-one (27)

A solution of 26 (8.9 g, 42.4 mmol) in concentrated H,50,4 (96%) (50 mL) was stirred at 55 °C for 16 h.
The reaction was quenched by adding the mixture carefully to 250 mL of water/ice. The organic layer
was extracted with AcOEt (3 x 30 mL), dried (anhydrous Na,SQ,), filtered and concentrated under
vacuum. The residue was purified by flash chromatography using Hexane/AcOEt (6:1) as eluent to

afford the symmetrical isomer 27.

0]

eon

Yellow solid (3.7 g, 51%). *H NMR (500 MHz, CDCls) & 7.42 (s, 1H), 7.37 (s, 1H), 3.05 — 3.00 (m, 2H),
2.98 — 2.83 (m, 4H), 2.64 — 2.58 (m, 2H), 2.14 — 2.00 (m, 2H). MS (ESI): calcd. for CioH130 (M+H)*:
173.0888; found: 173.1872.

4.3.2.3. Synthesis of 8-nitro-3,5,6,7-tetrahydro-s-indacen-1(2H)-one (28) and 4-nitro-3,5,6,7-
tetrahydro-s-indacen-1(2H)-one (29)

27 (3.7 g, 21.5 mmol) was dissolved in concentrated H,SO4 (96%) (23 mL). HNO3 (70%) (1.8 mL, 43
mmol) was added to the solution dropwise at 0 °C over 1 h. The mixture was stirred at 0 °C for 1 h.
Then, the reaction mixture was slowly added to water/ice (46 mL) and DCM (27 mL) at O °C. The
mixture was filtered over celite and then the organic layer was extracted with DCM (3 x 15 mL) and
washed with a saturated NaHCOs; solution (3 x 15 mL). The combined organic extracts were dried
(anhydrous Na,S0O,), filtered and concentrated under vacuum. The resulting yellow solid was a
mixture of 28 and 29 that was purified by flash chromatography using a solvent gradient of

Hexane/AcOEt (6:1 > 1:1) as eluent.
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N02 O O

NO,

Yellow solid (2.1 g, 54%). *H NMR (500 MHz, CDCl3) & 7.43 (s, 1H), 3.14 — 3.10 (m, 2H), 3.00 — 2.95
(m, 4H), 2.79 — 2.73 (m, 2H), 2.20 — 2.15 (m, 2H). MS (ESI): calcd. for C1,H1,NOs (M+H)*: 218.0739;
found: 218.2705.

4.3.2.4. Synthesis of 1,2,3,5,6,7-hexahydro-s-indacen-4-amine (30)

To a solution of 28 and 29 (523 mg, 2.4 mmol) in MeOH (5.8 mL), MSA (172.1 pL, 2.7 mmol) and
Pd(OH),/C (20% wt., 130.7 mg) were added. The mixture was stirred under hydrogen (1 atm) at rt for
24 h. Then, it was filtered over celite and the filtrate was washed with water (20 mL). Subsequently,
the pH was adjusted to 10.6 with a solution of NaOH 2N. The resulting mixture was filtered and

crystallized with heated ethanol/water (9:1) to obtain the target product.

NH»

Brown solid (248 mg, 59%). H NMR (500 MHz, CDCls) & 6.67 (s, 1H), 3.93 — 3.68 (m, 2H), 2.89 (t, J =
7.4 Hz, 4H), 2.73 (t, J = 7.3 Hz, 4H), 2.27 — 1.96 (m, 4H). MS (ESI): calcd. for CiHiN (M+H)*:
174.1204; found: 174.3070.

4.3.3. General procedure for the synthesis of intermediates 41-45

To a solution of THIQ carboxylic acid (35) (1 eq.) in THF (3 mL/mmol), water (15 mL/mmol) and K,CO3
(2 eq.) were added. A solution of appropriately substituted para phenyl sulfonyl chloride (36-40) (1
eq.) in THF (5 mL/mmol) was added to the mixture for 30 min. After the reaction was complete, as
indicated by MS (ESI) and TLC, THF was removed under vacuum and AcOEt (15 mL) was then added.
The aqueous layer was acidified to pH 4-5 using HCl 1M and the mixture was then extracted with
AcOEt (2 x 15 mL), dried (anhydrous Na,SO,), filtered and concentrated under reduced pressure. For
the isolation of some intermediates, it was necessary to purify them by flash chromatography using

a gradient of DCM/MeOH.
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(S)-2-((4-cyanophenyl)sulfonyl)-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid (41)

Yellow solid (329 mg, 68%). *H NMR (500 MHz, CDCl3) & 7.95 — 7.91 (m, 2H), 7.77 — 7.73 (m, 2H), 7.22
—7.14 (m, 2H), 7.11 - 7.03 (m, 2H), 5.00 (dd, J = 5.5, 3.9 Hz, 1H), 4.71 (d, J = 15.3 Hz, 1H), 4.44 (d, J =
15.3 Hz, 1H), 3.27 - 3.16 (m, 2H). MS (ESI): calcd. for Ci7H13N204S (M-H): 341.0674; found:
341.2670.

(S)-2-((4-methoxyphenyl)sulfonyl)-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid (42)

Flash chromatography: DCM/MeOH (9:1). White oil (80 mg, 18%). 'H NMR (500 MHz, CDCl3) 6 7.68
(d, J = 8.8 Hz, 2H), 7.03 - 6.97 (m, 2H), 6.94 (d, J = 4.4 Hz, 1H), 6.91 - 6.88 (m, 1H), 6.81 (d, / = 8.8 Hz,
2H), 4.68 (s, 1H), 4.50 — 4.38 (m, 2H), 3.76 (s, 3H), 3.06 (d, J = 14.9 Hz, 1H), 2.92 — 2.84 (m, 1H). MS
(ESI): calcd. for C17H1sNOsS (M+H)*: 348.0827; found: 348.3010.

(S)-2-((4-(trifluoromethyl)phenyl)sulfonyl)-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid (43)

Yellow oil (164 mg, 30%). *H NMR (500 MHz, CDCl3) § 7.94 (d, J = 8.2 Hz, 2H), 7.72 (d, J = 8.3 Hz, 2H),
7.20 — 7.11 (m, 2H), 7.10 — 6.99 (m, 2H), 4.99 (t, J = 4.3 Hz, 1H), 4.69 (d, J = 15.4 Hz, 1H), 4.44 (d, J =
15.4 Hz, 1H), 3.19 (s, 2H). MS (ESI): calcd. for C17H13F3NO4S (M-H): 384.0596; found: 384.5418.
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(S)-2-((4-(methoxycarbonyl)phenyl)sulfonyl)-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid (44)

Yellow oil (210 mg, 65%). *H NMR (500 MHz, CDCl3) & 8.15 — 8.11 (m, 2H), 7.92 — 7.87 (m, 2H), 7.20 —
7.11 (m, 2H), 7.09 — 7.02 (m, 2H), 5.01 (t, J = 4.7 Hz, 1H), 4.70 (d, J = 15.5 Hz, 1H), 4.47 (d, J = 15.4 Hz,
1H), 3.97 (s, 3H), 3.19 (d, J = 4.6 Hz, 2H). MS (ESI): calcd. for C1sH1sNOeS (M+H)*: 376.0777; found:
376.3370.

(S)-2-((4-fluorophenyl)sulfonyl)-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid (45)

Yellow solid (1.8 g, 93%). *H NMR (500 MHz, CDCls) & 7.85 — 7.79 (m, 3H), 7.20 — 6.98 (m, 5H), 4.99 —
4.92 (m, 1H), 4.68 (d, J = 7.0 Hz, 1H), 4.49 (d, J = 7.1 Hz, 1H), 3.19 — 3.14 (m, 2H). MS (ESI): calcd. for
Ci6H1sFNO4S (M+H)*: 336.0628; found: 336.3921.

4.3.4. Synthesis of 4-chlorosulfonyl benzoic acid methyl ester intermediate (39)

To a solution of 4-chlorosulfonyl benzoic acid (46) (300 mg, 1.4 mmol) in DCE (0.56 mL), thionyl
chloride (1.1 mL, 15.1 mmol) was added. The mixture was heated under reflux for 1 h. After the
formation of the acyl chloride intermediate 47, the mixture was concentrated in vacuo, cooled, and
then ice-cold MeOH (2.3 mL) was added. The suspension was stirred at 0 °C for 5 min and rt for 10
min. Then, after the addition of ice-cold water (2.3 mL), a brown solid was precipitated to obtain the

ester 39 without additional purification.
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Brown solid (234 mg, 73%). *H NMR (500 MHz, CDCls) & 8.21 (d, J = 2.2 Hz, 2H), 8.15 (d, J = 2.2 Hz,
2H), 3.90 (s, 3H).

4.3.5. General procedure for the synthesis of indacenyl tetrahydroisoquinoline carboxamide

derivatives JE7-JE11b

HATU (1.1 eq.) and DIPEA (1.1 eq.) were added to a solution of the corresponding carboxylic
intermediates 41-45 (1.1 eq.) in DMF (4 mL/mmol) at 0 °C. A solution of indacenamine 30 (34 for
JE11b) (1 eq.) in DMF (3 mL/mmol) was added dropwise to the reaction. The mixture was stirred at
rt for 1 h. After the reaction was complete, DMF was evaporated, and the resulting solid residue was
solved in AcOEt (20 mL). The organic layer was then washed with a solution of C¢HsO; 10% (1 x 10
mL), with a solution of NaHCO3 5% (1 x 10 mL) and finally with a saturated NaCl solution (1 x 10 mL).
The organic extracts were dried (anhydrous Na,SO.), filtered and concentrated under reduced
pressure. The residue was purified by flash chromatography and preparative HPLC to give

compounds JE7-JE11b as white/yellow solids.

(S)-2-((4-cyanophenyl)sulfonyl)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-1,2,3,4-

tetrahydroisoquinoline-3-carboxamide (JE7)

Flash chromatography: Hexane/AcOEt (4:1 - 1:1). Preparative HPLC. White solid (140 mg, 48%). H
NMR (500 MHz, CDCls) & 7.97 — 7.92 (m, 2H), 7.89 (s, 1H), 7.80 — 7.76 (m, 2H), 7.24 — 7.16 (m, 2H),
7.15 - 7.09 (m, 2H), 6.97 (s, 1H), 4.67 (d, J = 14.5 Hz, 1H), 4.60 (dd, J = 6.5, 4.2 Hz, 1H), 4.36 (d, J =
14.5 Hz, 1H), 3.33 (dd, J = 15.5, 4.3 Hz, 1H), 2.83 (t, /= 7.4 Hz, 4H), 2.74 (dd, J = 15.4, 6.5 Hz, 1H), 2.61
— 2.41 (m, 4H), 2.04 — 1.93 (m, 4H). 3C NMR (126 MHz, CDCl3) § 167.59, 144.19, 141.30, 137.71,
133.17, 133.02, 131.75, 128.79, 128.57, 128.43, 127.89, 127.36, 126.40, 119.31, 117.24, 117.12,
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57.35, 46.80, 33.05, 30.93, 30.50, 25.65. MS (ESI): calcd. for CasH2sN305S (M+H)*: 498.1773; found:
498.6568. Analytical HPLC: retention time (tg) = 21.13 min.

(S)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-2-((4-methoxyphenyl)sulfonyl)-1,2,3,4-

tetrahydroisoquinoline-3-carboxamide (JE8)

Isolera One flash chromatography: Hexane/AcOEt (3:1). Preparative HPLC. White solid (27 mg, 25%).
'H NMR (500 MHz, CDCls) 6 8.04 (s, 1H), 7.84 — 7.79 (m, 2H), 7.22 — 7.11 (m, 4H), 7.01 — 6.96 (m, 2H),
6.94 (s, 1H), 4.68 (d, J = 14.0 Hz, 1H), 4.61 (dd, J = 6.2, 3.3 Hz, 1H), 4.22 (d, J = 13.9 Hz, 1H), 3.87 (s,
3H), 3.35 (dd, J = 15.2, 3.3 Hz, 1H), 2.81 (t, J = 7.3 Hz, 4H), 2.64 — 2.56 (m, 1H), 2.54 — 2.34 (m, 4H),
2.00 — 1.91 (m, 4H). **C NMR (126 MHz, CDCls) 6 168.37, 163.68, 144.76, 144.02, 141.38, 137.75,
132.40, 133.59, 130.04, 128.47, 128.25, 127.23, 126.47, 119.06, 114.73, 57.34, 55.84, 46.80, 33.06,
31.06, 30.44, 25.65. MS (ESI): calcd. for Ca9H31N204S (M+H)*: 503.1926; found: 503.6023. Analytical
HPLC: tg=21.77 min.

(S)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-2-((4-(trifluoromethyl)phenyl)sulfonyl)-1,2,3,4-

tetrahydroisoquinoline-3-carboxamide (JE9)

NH
O
N
/7
F
F

Isolera One flash chromatography: Hexane/AcOEt (6:1). Preparative HPLC. White solid (100 mg,
45%). 'H NMR (500 MHz, CDCls) § 7.97 (d, J = 8.2 Hz, 2H), 7.94 (s, 1H), 7.76 (d, J = 8.2 Hz, 2H), 7.23 —
7.15 (m, 2H), 7.14 — 7.09 (m, 2H), 6.96 (s, 1H), 4.68 (d, J = 14.3 Hz, 1H), 4.64 (dd, J = 6.4, 4.0 Hz, 1H),
4.32(d,J=14.2 Hz, 1H), 3.34 (dd, J = 15.4, 4.0 Hz, 1H), 2.83 (t, J = 7.4 Hz, 4H), 2.70 (dd, J = 15.3, 6.4
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Hz, 1H), 2.60 — 2.39 (m, 4H), 2.05 — 1.92 (m, 4H). *C NMR (126 MHz, CDCl;) § 167.79, 144.15, 140.60,
139.03, 137.74, 133.18, 131.86, 128.55, 128.49, 128.35, 127.96, 127.33, 126.66, 126.63, 126.43,
119.25,57.41, 46.82, 33.06, 30.98, 30.49, 25.65. MS (ESI): calcd. for CgH2sF3N,03S (M+H)*: 541.1694;
found: 541.5710. Analytical HPLC: tg= 23.10 min.

(S)-methyl 4-((3-((1,2,3,5,6,7-hexahydro-s-indacen-4-yl)carbamoyl)-3,4-dihydroisoquinolin-2(1H)-
yl)sulfonyl)benzoate (JE10)

Flash chromatography: Hexane/AcOEt (5:1 - 2:1). Preparative HPLC. Yellow solid (130 mg, 53%). 'H
NMR (500 MHz, CDCl;) & 8.17 (d, J = 8.2 Hz, 2H), 7.93 (d, J = 8.2 Hz, 3H), 7.21 — 7.08 (m, 4H), 6.95 (s,
1H), 4.70 (d, J = 14.1 Hz, 1H), 4.64 (dd, J = 6.3, 3.6 Hz, 1H), 4.29 (d, J = 14.2 Hz, 1H), 3.97 (s, 3H), 3.34
(dd, J=15.3, 3.6 Hz, 1H), 2.82 (t, J = 7.4 Hz, 4H), 2.62 (dd, J = 15.3, 6.5 Hz, 1H), 2.57 — 2.37 (m, 4H),
2.01 — 1.92 (m, 4H). *C NMR (126 MHz, CDCl5) § 167.89, 165.52, 144.11, 140.79, 137.76, 134.68,
133.22, 131.91, 130.69, 128.56, 128.44, 127.99, 127.87, 127.33, 126.44, 119.20, 57.37, 52.91, 46.82,
33.05, 30.96, 30.47, 25.65. MS (ESI): calcd. for Cs3H3:1N20sS (M+H)*: 531.1875; found: 531.6537.
Analytical HPLC: tg = 22.45 min.

(S)-2-((4-fluorophenyl)sulfonyl)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-1,2,3,4-

tetrahydroisoquinoline-3-carboxamide (JE11a)

Flash chromatography: Hexane/AcOEt (6:1 - 1:1). Preparative HPLC. Yellow solid (630 mg, 57%). H
NMR (500 MHz, DMSO) & 9.54 (s, 1H), 8.07 — 8.01 (m, 2H), 7.48 (t, J = 8.9 Hz, 2H), 7.31 - 7.24 (m,
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4H), 7.03 (s, 1H), 4.79 (t, J = 5.5 Hz, 1H), 4.76 — 4.68 (m, 2H), 3.25 — 3.11 (m, 2H), 2.88 (t, J = 7.3 Hz,
4H), 2.60 — 2.49 (m, 4H), 2.06 — 1.96 (m, 4H). *C NMR (126 MHz, DMSO) 6 168.48, 143.21, 138.01,
135.09, 133.20, 132.59, 130.74, 130.65, 129.50, 128.29, 127.31, 126.83, 126.54, 118.41, 116.92,
116.70, 55.51, 45.85, 32.85, 32.76, 30.38, 25.44. MS (ESI): calcd. for CysH2sFN,03S (M+H)*: 491.1726;
found: 491.6199. Analytical HPLC: tg= 22.12 min.

(S)-2-((4-fluorophenyl)sulfonyl)-N-(1,2,3,6,7,8-hexahydro-as-indacen-4-yl)-1,2,3,4-

tetrahydroisoquinoline-3-carboxamide (JE11b)

Flash chromatography: Hexane/AcOEt (6:1 > 1:1). Preparative HPLC. Yellow solid (180 mg, 15%). *H
NMR (500 MHz, CDCls) § 8.23 (s, 1H), 7.83 — 7.78 (m, 2H), 7.52 (s, 1H), 7.19 — 7.05 (m, 6H), 4.60 (t, J =
3.1 Hz, 1H), 4.56 (s, 1H), 4.44 (d, J = 15.0 Hz, 1H), 3.33 (dd, J = 15.5, 4.1 Hz, 1H), 2.89 — 2.59 (m, 9H),
2.13 — 2.00 (m, 4H). 3C NMR (126 MHz, CDCl;) 6§ 167.81,146.20, 143.63, 140.61, 136.82, 133.07,
132.81, 131.76, 131.35, 130.54, 130.45, 128.52, 128.30, 127.10, 126.23, 116.84, 116.62, 115.02,
57.17, 46.47, 32.89, 31.79, 31.03, 29.89, 25.71, 25.10. MS (ESI): calcd. for CysHasFN,03S (M+H)*:
491.1436; found: 491.6199. Analytical HPLC: tz= 23.35 min.

4.3.6. Synthesis of (S)-4-((3-((1,2,3,5,6,7-hexahydro-s-indacen-4-yl)carbamoyl)-3,4-

dihydroisoquinolin-2(1H)-yl)sulfonyl)benzoic acid (JE12)

To a solution of JE10 (33 mg, 0.062 mmol) in methanol (2.5 mL), a LiOH solution (1.6 mg, 0.131
mmol) in H,O0 (0.5 mL) was added. The resulting mixture was stirred at rt for 24h. MeOH was
removed under vacuum and the residue was solved in H,O (1 mL) and basified using a solution of
NaHCOs 5 %. The basic aqueous layer was washed with AcOEt (2 x 10 mL) and then acidified with HCI
1M. The organic layer was extracted with AcOEt, washed with a saturated NaCl solution, dried
(anhydrous Na,SQ.), filtered and concentrated under vacuum. The crude material was purified by

preparative HPLC to provide benzoic acid JE12 as a white solid.

159



Jose Manuel Espejo Roman

OH

Preparative HPLC. White solid (18 mg, 56%). *H NMR (500 MHz, CDCl5) § 8.26 — 8.21 (m, 2H), 8.01 —
7.97 (m, 3H), 7.23 = 7.10 (m, 4H), 6.96 (s, 1H), 4.76 — 4.68 (m, 2H), 4.27 (d, J = 14.1 Hz, 1H), 3.34 (dd,
J=15.3, 3.6 Hz, 1H), 2.82 (t, J = 7.4 Hz, 4H), 2.67 (dd, J = 15.4, 6.3 Hz, 1H), 2.56 — 2.36 (m, 4H), 2.02 —
1.93 (m, 4H). C NMR (126 MHz, CDCl;) & 168.83, 168.30, 144.20, 141.30, 137.89, 133.79, 133.11,
131.95, 131.27, 128.58, 128.54, 128.04, 127.62, 127.46, 126.50, 119.48, 57.40, 46.91, 33.03, 31.15,
30.40, 25.64. MS (ESI): calcd. for C2oH29N20sS (M+H)*: 517.1719; found: 517.6341. Analytical HPLC: tg
=22.90 min.

4.3.7. Synthesis of (S)-2-((4-(dimethylamino)phenyl)sulfonyl)-N-(1,2,3,5,6,7-hexahydro-s-indacen-

4-yl)-1,2,3,4-tetrahydroisoquinoline-3-carboxamide (JE13)

To a solution of JE11a (50 mg, 0.1 mmol) in DMF (0.5 mL), the appropriate amine (44 uL, 0.51 mmol)
was added and the mixture was stirred at 120 °C for 24 h. After testing the reaction by MS (ESI) and
TLC, it was observed the formation of the by-product JE13, due to the DMF degradation. DMF was
removed and water was added to the residue. The organic layer was extracted with AcOEt (3 x 5
mL), washed with a saturated NaCl solution, dried (anhydrous Na,SQ.), filtered and concentrated
under reduced pressure. The carboxamide JE13 was purified using flash chromatography and

preparative HPLC.

Flash chromatography: Hexane/AcOEt (4:1 - 1:1). Preparative HPLC. White solid (30 mg, 57%). H
NMR (500 MHz, CDCl3) & 8.11 (s, 1H), 7.74 — 7.69 (m, 2H), 7.23 — 7.10 (m, 4H), 6.93 (s, 1H), 6.72 —
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6.67 (m, 2H), 4.67 (d, J = 13.8 Hz, 1H), 4.63 (dd, / = 6.2, 2.9 Hz, 1H), 4.18 (d, / = 13.7 Hz, 1H), 3.36 (dd,
J=15.1, 3.0 Hz, 1H), 3.06 (s, 6H), 2.80 (t, / = 7.4 Hz, 4H), 2.58 (dd, J = 14.9, 6.2 Hz, 1H), 2.53 — 2.32
(m, 4H), 2.00 — 1.90 (m, 4H). *C NMR (126 MHz, CDCl;) 6 168.69, 143.94, 137.76, 133.84, 132.73,
129.70, 129.61, 128.40, 128.21, 128.07, 127.14, 126.48, 121.96, 118.94, 111.41, 65.99, 57.29, 46.76,
40.29, 33.04, 31.14, 30.41, 25.64. MS (ESI): calcd. for C3oH3aN30sS (M+H)*: 516.2243; found:
516.6479. Analytical HPLC: tg = 23.20 min.

4.3.8. General procedure for the synthesis of amine derivatives JE14-JE20 with the general

structure of indacenyl tetrahydroisoquinoline carboxamide

To a solution of JE11a (1 eq.) in DMSO (5 mL/mmol), the appropriate amine (5 eq.) was added and
the mixture was stirred at 120 °C until the MS (ESI) and TLC analysis showed the consumption of the
starting material (1-24 h). After the reaction was completed, water was added (5 mL) and the
organic fraction was extracted with AcOEt (3 x 5 mL). To remove DMSO traces, the organic layer was
washed with water (2 x 5 mL) and a saturated NaCl solution. Then, the organics extracts were dried
(anhydrous Na,S0,), filtered and concentrated under reduced pressure. The residue was purified by
flash chromatography using a gradient of AcOEt/Hexane or DCM/MeOH. For further purification,

preparative HPLC was performed to give amines JE14-JE20 as white/yellow solids.

(S)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-2-((4-(piperidin-1-yl)phenyl)sulfonyl)-1,2,3,4-

tetrahydroisoquinoline-3-carboxamide (JE14)

Flash chromatography: Hexane/AcOEt (3:1 - 1:1). Preparative HPLC. White solid (42 mg, 74%). H
NMR (500 MHz, CDCls) 6 8.08 (s, 1H), 7.70 (d, J = 9.0 Hz, 2H), 7.21 - 7.10 (m, 4H), 6.94 — 6.87 (m, 3H),
4.68 —4.60 (m, 2H), 4.19 (d, J = 13.8 Hz, 1H), 3.39 —3.31 (m, 5H), 2.80 (t, J = 7.3 Hz, 4H), 2.60 (dd, J =
15.1, 6.3 Hz, 1H), 2.54 — 2.32 (m, 4H), 2.00 — 1.89 (m, 4H), 1.68 (s, 6H). *3C NMR (126 MHz, CDCls) &
143.98, 137.77, 137.13, 133.82, 132.68, 129.74, 128.84, 128.43, 128.20, 128.11, 127.17, 126.49,
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118.97, 115.08, 114.15, 57.31, 48.88, 46.77, 33.06, 31.13, 30.43, 25.65, 25.33, 24.29. MS (ESI): calcd.
for CasH3gN30sS (M+H)*: 556.2556; found: 556.6042. Analytical HPLC: tz = 23.65 min.

(S)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-2-((4-morpholinophenyl)sulfonyl)-1,2,3,4-

tetrahydroisoquinoline-3-carboxamide (JE15)

NH

o)

N\S//O

2T

0]

Preparative HPLC. White solid (53 mg, 93%). *H NMR (500 MHz, CDCls) & 8.05 (s, 1H), 7.77 — 7.73 (m,
2H), 7.21 — 7.09 (m, 4H), 6.94 (d, J = 9.2 Hz, 3H), 4.67 (d, J = 13.9 Hz, 1H), 4.62 (dd, J = 6.2, 3.1 Hz,
1H), 4.20 (d, J = 13.9 Hz, 1H), 3.90 —3.85 (m, 4H), 3.36 (dd, / = 15.1, 3.1 Hz, 1H), 3.33 —3.28 (m, 4H),
2.80 (t, J = 7.3 Hz, 4H), 2.60 (dd, J = 15.0, 6.3 Hz, 1H), 2.54 — 2.33 (m, 4H), 1.99 — 1.90 (m, 4H). 3C
NMR (126 MHz, CDCls) 6 168.49, 154.06, 144.01, 137.76, 133.69, 132.53, 129.71, 128.45, 128.18,
128.14, 127.22, 126.48, 125.77, 119.03, 114.27, 66.49, 57.33, 47.76, 46.79, 33.05, 31.13, 30.43,
25.65. MS (ESI): calcd. for Cs;H3sN3OsS (M+H)*: 558.2348; found: 558.7640. Analytical HPLC: tg =
22.18 min.

(S)-2-((4-(benzylamino)phenyl)sulfonyl)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-1,2,3,4-

tetrahydroisoquinoline-3-carboxamide (JE16)

Flash chromatography: Hexane/AcOEt (4:1 - 1:1). Preparative HPLC. White solid (48 mg, 81%). H
NMR (500 MHz, CDCls) & 8.09 (s, 1H), 7.68 — 7.64 (m, 2H), 7.40 — 7.27 (m, 5H), 7.23 — 7.09 (m, 4H),
6.93 (s, 1H), 6.66 (d, J = 8.6 Hz, 2H), 4.65 (d, J = 13.9 Hz, 1H), 4.60 (dd, J = 6.2, 3.1 Hz, 1H), 4.37 (s,
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2H), 4.19 (d, J = 13.9 Hz, 1H), 3.35 (dd, J = 15.1, 3.2 Hz, 1H), 2.80 (t, J = 7.4 Hz, 4H), 2.60 (dd, J = 15.0,
6.2 Hz, 1H), 2.54 — 2.34 (m, 4H), 1.98 — 1.92 (m, 4H). **C NMR (126 MHz, CDCl5) 6 168.61, 149.28,
143.98, 141.55, 141.43, 137.77, 134.76, 133.77, 132.66, 129.98, 129.06, 128.42, 128.19, 128.11,
128.00, 127.72, 127.65, 127.26, 127.16, 126.48, 125.50, 118.98, 118.90, 57.29, 46.76, 31.10, 30.43,
25.65. MS (ESI): calcd. for CssH3sNsOsS (M+H)*: 578.2399; found: 578.6619. Analytical HPLC: tr =
23.17 min.

(S)-2-((4-(diethylamino)phenyl)sulfonyl)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-1,2,3,4-

tetrahydroisoquinoline-3-carboxamide (JE17)

At
N7
)

Flash chromatography: Hexane/AcOEt (5:1 - 2:1). Preparative HPLC. White solid (33 mg, 60%). *H
NMR (500 MHz, CDCls) 6 8.13 (s, 1H), 7.69 — 7.64 (m, 2H), 7.21 — 7.10 (m, 4H), 6.92 (s, 1H), 6.65 (d, J
= 9.1 Hz, 2H), 4.69 — 4.60 (m, 2H), 4.20 (d, J = 13.7 Hz, 1H), 3.43 — 3.37 (m, 4H), 3.34 (d, J = 3.1 Hz,
1H), 2.80 (t, J = 7.4 Hz, 4H), 2.64 (dd, J = 15.0, 6.2 Hz, 1H), 2.54 — 2.34 (m, 4H), 2.00 — 1.89 (m, 4H),
1.19 (t, J = 7.1 Hz, 6H). *C NMR (126 MHz, CDCl5) 6 168.76, 151.03, 143.95, 137.76, 134.14, 133.91,
132.85, 129.99, 128.37, 128.23, 128.03, 127.10, 126.49, 118.93, 110.95, 57.30, 46.75, 44.89, 33.05,
31.17, 30.43, 25.65, 12.42. MS (ESI): calcd. for Cs;HssN3OsS (M+H)*: 544.2556; found: 544.6929.
Analytical HPLC: tz = 24.45 min.
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(S)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-2-((4-(4-methylpiperazin-1-yl)phenyl)sulfonyl)-1,2,3,4-

tetrahydroisoquinoline-3-carboxamide (JE18)

N_ //O

0,
o}

Flash chromatography: DCM/MeOH (9.5:0.5). Preparative HPLC. White solid (55 mg, 95%). 'H NMR
(500 MHz, CDCls) 8 8.07 (s, 1H), 7.72 (d, J = 9.0 Hz, 2H), 7.22 — 7.10 (m, 4H), 6.94 — 6.86 (m, 3H), 4.70
- 4.58 (m, 2H), 4.19 (d, J = 13.8 Hz, 1H), 3.45 — 3.30 (m, 5H), 2.80 (t, J = 7.3 Hz, 4H), 2.70 — 2.55 (m,
5H), 2.54 — 2.30 (m, 7H), 2.01 — 1.87 (m, 4H). 3C NMR (126 MHz, CDCls) § 168.55, 154.06, 143.98,
137.77, 133.73, 132.58, 129.70, 128.75, 128.44, 128.17, 127.43,127.19, 126.48, 119.00, 114.23,
57.33,54.58, 47.03, 46.78, 45.94, 33.05, 31.14, 30.43, 25.65. MS (ESI): calcd. for C33H3sNsO3S (M+H)":
571.2665; found: 571.6873. Analytical HPLC: tg = 16.87 min.

tert-butyl(S)-4-(4-((3-((1,2,3,5,6,7-hexahydro-s-indacen-4-yl)carbamoyl)-3,4-dihydroisoquinolin-
2(1H)-yl)sulfonyl)phenyl)piperazine-1-carboxylate (JE19)

Flash chromatography: Hexane/AcOEt (5:1 - 2:1). White solid (60 mg, 89%). *H NMR (500 MHz,
CDCls) 6 8.09 (s, 1H), 7.74 (d, J = 8.8 Hz, 2H), 7.22 — 7.10 (m, 4H), 6.95 — 6.87 (m, 3H), 4.70 — 4.61 (m,
2H), 4.18 (d, J = 13.8 Hz, 1H), 3.66 — 3.52 (m, 4H), 3.38 — 3.28 (m, 5H), 2.80 (t, J = 7.3 Hz, 4H), 2.61
(dd, J = 15.0, 6.2 Hz, 1H), 2.50 — 2.32 (m, 4H), 1.99 — 1.90 (m, 4H), 1.49 (s, 9H). 3C NMR (126 MHz,
CDCls) 6 168.97, 154.78, 153.95, 144.04, 137.82, 133.63,132.57, 129.77, 128.42, 128.23, 127.95,
127.25, 126.50, 125.16, 119.15, 114.43, 114.32, 80.59, 57.32, 47.39, 46.80, 33.04, 31.19, 30.39,
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28.55, 25.64. MS (ESI): calcd. for Cs7HasN4OsS (M+H)*: 657.3032; found: 657.6893. Analytical HPLC: tg
=24.53 min.

(S)-2-((4-(ethylamino)phenyl)sulfonyl)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-1,2,3,4-

tetrahydroisoquinoline-3-carboxamide (JE20)

Flash chromatography: Hexane/AcOEt (6:1 - 3:1). Preparative HPLC. White solid (58 mg, 87%). *H
NMR (500 MHz, CDCls) 6 8.24 (s, 1H), 7.71 — 7.66 (m, 2H), 7.24 — 7.13 (m, 4H), 6.94 (s, 1H), 6.64 —
6.58 (m, 2H), 4.71 — 4.65 (m, 2H), 4.11 (d, J = 13.5 Hz, 1H), 3.32 (dd, J = 15.1, 2.9 Hz, 1H), 3.27 — 3.18
(m, 2H), 2.79 (t, J = 7.5 Hz, 4H), 2.69 — 2.60 (m, 1H), 2.48 — 2.28 (m, 4H), 2.05 — 1.94 (m, 4H), 1.29 (t, J
= 7.2 Hz, 3H). 3C NMR (126 MHz, CDCls) § 170.90, 152.31, 144.16, 138.09, 133.51, 132.84, 130.11,
128.35, 127.42, 127.25, 127.11, 126.57, 122.46, 119.60, 112.14, 57.30, 46.90, 38.16, 32.99, 31.38,
30.22, 25.61, 14.58. MS (ESI): calcd. for C3oH34N303S (M+H)*: 516.2243; found: 516.6802. Analytical
HPLC: tg=22.17 min.

4.3.9. Synthesis of (S)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-2-((4-(piperazin-1-
yl)phenyl)sulfonyl)-1,2,3,4-tetrahydroisoquinoline-3-carboxamide (JE21)

Compound JE19 (39 mg, 0.06 mmol) was dissolved in an HCl 4N solution in dioxane (6 mL). The
reaction was stirred for 30 min at rt until the complete removal of Boc protecting group. The mixture
was crystallized with diethyl ether (2 mL) and the precipitate was filtered under vacuum. The solid

product was purified by preparative HPLC to give target carboxamide JE21 as a white solid.
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oW

NH

Preparative HPLC. White solid (30 mg, 52%). *H NMR (500 MHz, CDCls) & 8.07 (s, 1H), 7.78 (d, J = 8.9
Hz, 2H), 7.23 — 7.10 (m, 4H), 6.95 — 6.89 (m, 3H), 4.67 (d, J = 14.0 Hz, 1H), 4.61 (dd, J = 6.2, 3.4 Hz,
1H), 4.19 (d, J = 13.8 Hz, 1H), 3.56 (s, 4H), 3.31 (s, 5H), 2.80 (t, J = 7.4 Hz, 4H), 2.65 (dd, J = 15.1, 6.0
Hz, 1H), 2.55 — 2.34 (m, 4H), 2.00 — 1.90 (m, 4H). 3C NMR (126 MHz, CDCls) § 169.06, 153.10, 144.14,
137.85, 133.48, 132.45, 129.88, 128.41, 128.35, 127.86, 127.45, 127.33, 126.50, 119.30, 115.53,
57.42, 46.82, 45.14, 43.14, 33.03, 31.22, 30.40, 25.64. MS (ESI): calcd. for Cs;H37N4O0sS (M+H)*:
557.2508; found: 557.6636. Analytical HPLC: tz = 14.90 min.

166



Tesis Doctoral

4.4. Experimental section of chapter 3.3

4.4.1. Computational

4.4.1.1. Systems set up

The crystal structure of the murine CD44-HABD at 1.4 A resolution (PDB ID: 5BZK)®® was used as a
starting point for the computational work. The protein was inserted in a water box of 90 x 90 x 90 A3
dimensions, and KC| was added up to a final concentration of 150 mM using the CHARMM-GUI
Solution Builder server.3°3% Two independent systems were built with the JE25 and JE22 ligands,
respectively. The JE22 molecule was aligned using the position of the JE25 ligand present in PDB id
5BZK. The final systems were composed of 66,000 atoms. Five different replicas were run for each

system.

4.4.1.2. MD simulations

The CHARMM36 force field?®*310 was used to model the protein, standard CHARMM parameters
were used for ions, and the TIP3P model for H,0.2°3 The charges and parameters for the ligands were
searched using the CHARMM-GUI ligand modeler interface?®* that generates the ligand force field
parameters and necessary structure files by inspecting small molecules in the verified CHARMM
force field library or using the CGenFF.3!! The results suggested optimizing the charges and certain
dihedral angles as the penalties were high. Geometry, charge, and dihedral optimization were
performed for the two ligands according to the following standard protocol. The parameters and
partial changes for JE25 and JE22 were optimized using the FFTK plugin of Visual molecular dynamics
(VMD) software as an input generator and a refinement tool. CGenFF 36 parameters used are
reported in Tables 7 to 14, and atom types in Figure 71. The equilibrium bonds and angles were
obtained after geometry optimization at the MP2/6-31+G(d) level of theory. The target data for the
charge validation/optimization was obtained from the optimization of the distances and interaction
energies between water molecules and the ligand following the standard CHARMM protocol.?** For
the charge optimization, the aliphatic hydrogen atoms were constrained to a partial charge of 0.09
and the aromatic hydrogens of the benzene ring were constrained to 0.115. Bond, angles and
improper force constants did not required optimization considering the penalties reported by
CHARMM-Gui in the ‘Ligand reader and modeler for CHARMM Force Field generation of small

molecules’ module. Quantum mechanics (QM) interaction-energy calculations were performed at
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the MP2/6-31+G(d) level of theory, with diffuse basis functions on non-H atoms (C, O) to correctly
estimate interaction energies for an overall system charge. The resulting QM potential energy
surface (PES) was used as the reference benchmark, and CHARMM MM partial charges were fitted
onto this QM PES with the MCSA algorithm. Torsional potential optimization was done by QM PES
scans of magnitude x = 90° in intervals of 15 degrees. The dihedrals optimized in the JE25 ligand
were [0G302-CG202-CG321-CG321], [CG321-CG202-0G302-CG331], [CG2R61-CG321-CG321-
NG301], [CG2R61-CG321-NG301-CG321], [CG2R61-CG321-NG301-CG321] and [CG321-CG321-
NG301-CG321]. The dihedrals optimized in the JE22 ligand were [CG205-CG321-CG321-NG301],
[CG2R61-CG321-CG321-NG301], [CG2R61-CG321-NG301-CG321], [CG321-CG321-NG301-CG321] and
[CG331-CG205-CG321-CG321]. The MCSA dihedral fitting procedure for the dihedrals to the QM PES
was done with a linear combination of potentials with periodicities n = 1, 2 and 3. The dihedrals

were fitted to reproduce the minima on the PES (Figure 71, Tables 7-14, and Figure 72).

JE22 JE25
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Figure 71. Chemical structures of the JE22 and JE25 ligands with the nomenclature used in the CHARMM force-
field parameterization.

Table 7. CHARMM force field parameterization of JE25. CGenFF 36 atom types and final partial charges.

Name Type Partial Charge Name Type Partial
Charge

C1 CG2R61 -0.111 N NG301 -0.378
c2 CG2R61 -0.111 01 0G302 -0.491
c3 CG2R61 -0.116 02 0G2D1 -0.626
Cc4 CG2R61 -0.217 H1/H2 HGA2 0.090
c5 CG2R61 -0.189 H3/H4 HGA2 0.090
cé CG2R61 -0.113 H10/H9 HGA2 0.090
c7 CG321 0.120 H5/H6 HGA2 0.090
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C8 CG321 -0.046 H8/H7 HGA2 0.090
C9 CG321 -0.055 H17/H16/H15 HGA3 0.090
C10 CG321 0.020 H14 HGR61 0.115
C11 CG321 0.348 H13 HGR61 0.115
C12 CG202 0.340 H12 HGR61 0.115
C13 CG331 -0.003 H11 HGR61 0.115

Table 8. CHARMM force field parameterization of JE22. CGenFF 36 atom types and final partial charges.

Name Type Partial Name Type Partial
Charge Charge
Cc1 CG2R61 -0.109 N NG301 -0.395
c2 CG2R61 -0.123 (0] 0G302 -0.451
c3 CG2R61 -0.140 H1/H2/H3 HGA2 0.110
c4 CG2R61 0.021 H4/H5 HGA2 0.104
c5 CG2R61 -0.024 H6/H7 HGA2 0.092
C6 CG2R61 -0.122 H8/H9 HGA2 0.096
c7 CG321 -0.051 H10/H11 HGA2 0.099
c8 CG321 -0.038 H12/H13 HGA2 0.096
c9 CG321 -0.192 H14 HGR61 0.117
Cc10 CG321 -0.065 H15 HGR61 0.110
C11 CG321 -0.123 H16 HGR61 0.114
C12 CG202 0.296 H17 HGR61 0.099
C13 CG331 -0.228

Table 9. CHARMM force field parameterization of JE25. MP2 equilibrium bond lengths in A (bo) and force
constants (Ks) in kcal-mol~-A-2,

Bonds Kb (kcal-mol-A2) bo (A)
CG202 CG321 200.0 1.522
CG202 0G2D1 750.0 1.220
CG202 0G302 150.0 1.334

CG2R61 CG2R61 305.0 1.375
CG2R61 CG321 230.0 1.490
CG2R61 HGR61 340.0 1.080
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CG321CG321 222.5 1.530
CG321 NG301 200.0 1.450
CG321 HGA2 309.0 1.111
CG331 0G302 340.0 1.430
CG331 HGA3 322.0 1.111

Table 10. CHARMM force field parameterization of JE22. MP2 equilibrium bond lengths in A (bo) and force
constants (Ks) in kcal-mol A2,

Bonds Kb (kcal-mol-A2) bo (A)
CG205 CG321 330.0 1.500
CG205 CG331 330.0 1.500
CG205 0G2D3 700.0 1.230

CG2R61 CG2R61 305.0 1.375
CG2R61 CG321 230.0 1.490
CG2R61 HGR61 340.0 1.080
CG321 CG321 222.5 1.530
CG321 NG301 200.0 1.450
CG321 HGA2 309.0 1.111
CG331 HGA3 322.0 1.111

Table 11. CHARMM force field parameterization of JE25. CGenFF 36 bond angles in degrees (bo) and force
constants (Kb) in kcal-mol™-rad2.

Angles Kb (kcal-mol-rad?) bo (degrees)

CG321 CG202 0G21 70.0 125.0
CG321 CG202 OG302 55.0 109.0
0G2D1 CG202 OG302 90.0 125.9
CG2R61 CG2R61 CG2R61 40.0 120.0
CG2R61 CG2R61 CG321 45.8 120.0
CG2R61 CG2R61 HGR61 30.0 120.0
CG202 CG321 CG321 52.0 108.0
CG202 CG321 HGA2 33.0 109.5
CG2R61 CG321 CG321 51.8 107.5
CG2R61 CG321 NG301 73.0 109.0
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CG2R61 CG321 HGA2 49.3 107.5
CG321 CG321 NG301 57.0 107.0
CG321 CG321 HGA2 26.5 110.1
NG301 CG321 HGA2 324 109.0
HGA2 CG321 HGA2 355 109.0
0G302 CG331 HGA3 60.0 109.5
HGA3 CG331 HGA3 35.5 108.4
CG321 NG301 CG321 70.0 112.0
CG202 0G302 CG331 40.0 109.6

Table 12. CHARMM force field parameterization of JE22. CGenFF 36 bond angles in degrees (bo) and force
constants (Ko) in kcal-mol*-rad=2.

Angles Kb (kcal-mol-rad?) bo (degrees)

CG321 CG205 CG331 35.0 115.6
CG321 CG205 0OG2D3 75.0 122.2
CG331 CG205 0G2D3 75.0 122.2
CG2R61 CG2R61 CG2R61 40.0 120.0
CG2R61 CG2R61 CG321 45.8 120.0
CG2R61 CG2R61 HGR61 30.0 120.0
CG205 CG321 CG321 60.0 113.8
CG205 CG321 HGA2 50.0 109.5
CG2R61 CG321 CG321 51.8 107.5
CG2R61 CG321 NG301 73.0 109.0
CG2R61 CG321 HGA2 49.3 107.5
CG321 CG321 NG301 57.0 107.0
CG321 CG321 HGA2 26.5 110.1
NG301 CG321 HGA2 324 109.0
HGA2 CG321 HGA2 35.5 109.0
CG205 CG331 HGA3 50.0 109.5
HGA3 CG331 HGA3 35.5 108.4
CG321 NG301 CG321 70.0 112.0
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Table 13. CHARMM force field parameterization of JE25. CGenFF 36 torsion parameters with force constants
(Kb) in kcal-mol™. n is the periodicity.

Torsions Kb (kcal-mol™) n 6 (degrees)
CG2R61 CG2R61 CG321 CG321 0.230 2 180.0
0G302 CG202 CG321 HGA2 0.000 3 0.0
CG321 CG2R61 CG2R61 CG321 2.400 2 180.0
HGR61 CG2R61 CG2R61 HGR61 2.400 2 180.0
NG301 CG321 CG321 HGA2 0.160 3 0.0
HGA2 CG321 CG321 HGA2 0.220 3 0.0
CG2R61 CG2R61 CG321 HGA2 0.002 6 0.0
0G2D1 CG202 CG321 HGA2 0.000 6 180.0
CG2R61 CG2R61 CG2R61 CG2R61 3.10 2 180.0
CG2R61 CG2R61 CG2R61 CG321 3.10 2 180.0
CG321 CG2R61 CG2R61 HGR61 2.40 2 180.0
HGA2 CG321 NG301 CG321 0.10 3 0.0
CG2R61 CG2R61 CG321 NG301 1.00 2 180.0
HGA3 CG331 0G302 CG202 0.00 3 0.0
CG2R61 CG321 CG321 HGA2 0.04 3 0.0
CG202 CG321 CG321 HGA2 0.195 3 0.0
CG2R61 CG2R61 CG2R61 HGRGE1 4.20 2 180.0
0G302 CG202 CG321 CG321 0.166 2 180.0
CG321 CG321 NG301 CG321 0.4190 2 0.0
CG321 CG321 NG301 CG321 0.914 3 0.0
CG321 CG202 0G302 CG331 2.528 2 180.0
0G21 CG202 0G302 CG331 1.602 1 180.0
0G21 CG202 0G302 CG331 1.922 2 180.0
0G2D1 CG202 CG321 CG321 0.492 6 0.0
CG2R61 CG321 NG301 CG321 1.094 1 0.0
CG2R61 CG321 NG301 €CG321 2.292 2 0.0
CG2R61 CG321 CG321 CG321 0.344 3 0.0
CG2R61 CG321 CG321 NG301 0.059 3 0.0
CG202 CG321 CG321 NG301 2.366 3 180.0
CG202 CG321 CG321 NG301 0.411 3 0.0
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Table 14. CHARMM force field parameterization of JE22. CGenFF 36 torsion parameters with force constants
(Kb) in kcal-mol™. n is the periodicity.

Torsions Kb (kcal-mol™) n 6 (degrees)
0G2D3 CG205 CG321 HGA2 0.000 3 0.0
HGR61 CG2R61 CG2R61 HGR61 2.400 2 180.0
NG301 CG321 CG321 HGA2 0.16 3 0.0
0G2D3 CG205 CG331 HGA3 0.000 3 0.0
HGA2 CG321 CG321 HGA2 0.220 3 0.0
CG2R61 CG2R61 CG321 HGA2 0.002 6 0.0
CG2R61 CG2R61 CG2R61 CG2R61 3.10 2 180.0
0G2D3 CG205 CG321 CG321 0.75 1 180.0
0G2D3 CG205 CG321 CG321 0.18 2 180.0
0G2D3 CG205 CG321 CG321 0.065 3 180.0
0G2D3 CG205 CG321 CG321 0.030 6 0.0
CG2R61 CG2R61 CG2R61 CG321 3.10 2 180.0
CG205 CG321 CG321 HGA2 0.195 3 0.0
CG321 CG2R61 CG2R61 HGR61 2.40 2 180.0
HGA2 CG321 NG301 CG321 0.10 3 0.0
CG331 CG205 CG321 HGA2 0.10 3 0.0
CG321 CG205 CG331 HGA3 0.10 3 0.0
CG2R61 CG321 CG321 HGA2 0.04 3 0.0
CG202 CG321 CG321 HGA2 0.195 3 0.0
CG2R61 CG2R61 CG2R61 HGRGE1 4.20 2 180.0
CG331 CG205 CG321 CG321 2.179 1 0.0
CG331 CG205 CG321 €G321 0.193 2 180.0
CG331 CG205 CG321 €G321 0.252 3 0.0
CG331 CG205 CG321 €G321 0.096 6 180.0
CG331 CG205 CG321 €G321 0.332 1 180.0
CG331 CG205 CG321 €G321 0.843 2 0.0
CG331 CG205 CG321 €G321 0.085 3 180.0
CG331 CG205 CG321 €G321 0.428 6 0.0
CG321 CG321 NG301 CG321 1.991 1 180.0
CG321 CG321 NG301 CG321 0.048 3 0.0
CG321 CG321 NG301 CG321 0.660 1 0.0
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CG321 CG321 NG301 CG321 2.200 2 0.0
CG321 CG321 NG301 CG321 1.121 3 0.0
CG205 CG321 CG321 NG301 1.375 3 180.0
CG321 CG2R61 CG2R61 CG321 0.037 2 180.0
CG2R61 CG321 NG301 CG321 0.002 2 180.0
CG205 CG321 CG321 NG301 0.362 3 180.0
CG2R61 CG321 NG301 CG321 0.503 1 180.0
CG2R61 G321 NG301 CG321 0.86 2 180.0
CG2R61 CG321 NG301 CG321 0.338 3 0.0
CG2R61 CG321 CG321 NG301 0.288 3 180.0
CG2R61 CG2R61 CG321 CG321 0.018 2 180.0
CG2R61 CG2R61 CG321 CG321 0.829 2 0.0
CG2R61 CG2R61 CG321 N301 0.150 2 0.0
CG2R61 CG2R61 CG321 NG301 0.938 2 0.0
(A) JE22 (B) JE25
20 20
15 15
_§10 ;%w
v v
51 5
o 20 40 00 °7% 20 40 60

Conformation Conformation

Figure 72. Comparison of the PES from QM calculations in black and the fitted torsions in red for some the
torsional angles of (A) JE22 and (B) JE25 optimized.

The protocol for the validation and optimization of the few parameters with high penalties was the
same as CGenFF using the FFTK plugin tool of VMD as an input generator and refinement tool. The
target data were generated with several quantum ab initio methods in Gaussianl6. The penalty
score returned for every bonded parameter and charge was used to guide the selective optimization
of the charges and some dihedral angles; bonds, angles, and improper force constants did not

require any optimization.

The same equilibration protocol was used for all the simulations, consisting of 10,000 steps of
energy minimization, followed by 10 ns of dynamics in the NPT ensemble with timestep equal to 1 fs

and 10 ns of dynamics in the NPT ensemble with timestep equal to 2 fs. In the course of the
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equilibration, restraints on the heavy atoms of the protein were gradually reduced to zero in four
stages of 50 ps (1.0, 0.5 0.25 and 0.1 kcal mol for the backbone and 0.5, 0.25 0.125 and 0.05 kcal mol
for the sidechain). Restraints on heavy atoms of the ligand were also released in a similar way (1.0,
0.5 0.25 and 0.1 kcal mol run for 50 ps each). Long-range electrostatic interactions were calculated
with the Particle Mesh Ewald method using a grid spacing of 1.0 A32 and NAMD defaults for spline
and k values. A 12 A cut-off was applied to non-bonded forces. Both electrostatics and van der Waals
forces were smoothly switched off between the switching distance of 10 A and the cut-off distance
of 12 A, using the default switching function in NAMD. A Verlet neighbour list with pair-list distance
of 16 A was used to evaluate non-bonded neighbouring forces within the pair-list distance.?®® The
temperature was controlled at 298 K by coupling to a Langevin thermostat with a damping
coefficient of 1 ps™. A pressure of 1 atm was maintained by coupling the system to a Langevin
piston, with a damping constant of 25 ps and a period of 50 ps.3®® The lengths of covalent bonds
involving hydrogen atoms were constrained by the Shake algorithm to use a 2-fs time-step.3!* The
multi-time step algorithm Verlet-I1/r-RESPA6231>316 was used to integrate the equations of motion.
The software NAMD2.143% was used to perform the MD simulations. Each replica was run for 200

ns. In total, 2 us of dynamics were analyzed after disregarding the equilibration period.

The analysis was performed using in-house python scripts and the pyemma (http://emma-

project.org/latest) and mdtraj (https://www.mdtraj.org) analysis tools.

4.4.2. Chemistry and characterization

JE22?% was synthesized as reported. Although compounds JE233!% and JE25'®° are reported,

265

compound JE23 was synthesized following the protocol below**> whereas JE25 was synthesized

following the described protocol for JE1a.?*

4.4.2.1. Synthesis of 4-(3,4-dihydroisoquinolin-2(1H)-yl)butan-2-one (JE22) (Michael addition)

To a solution of methyl vinyl ketone (48) (0.66 mL,7.88 mmol) and CuBr (I) (11 mg, 0.078 mmol) in
DCM (25 mL), THIQ 20 (1 mL, 7.88 mmol) was added dropwise at O °C. The reaction mixture was
stirred for 30 min at 0 °C and then, 64 h at rt. It was concentrated and the residue was purified by

flash chromatography using a gradient of Hexane/AcOEt as eluent (3:1 > 1:1).
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Light-yellow oil (1.211 g, 76%). *"H NMR (500 MHz, CDCls) & 7.16 — 7.06 (m, 3H), 7.01 (d, J = 5.8 Hz,
1H), 3.69 (s, 2H), 2.96 — 2.85 (m, 4H), 2.84 — 2.76 (m, 4H), 2.20 (s, 3H). 3C NMR (126 MHz, CDCl3) &
207.61, 133.83, 133.73, 128.77, 126.68, 126.53, 125.93, 55.80, 52.33, 50.89, 41.41, 30.32, 28.67.
HRMS (m/z): calcd. for C13H1sNO (M + H)*: 204.1310; found: 204.1392.

4.4.2.2. Synthesis of 4-(3,4-dihydroisoquinolin-2(1H)-yl)butan-2-ol (JE23)

To a solution of JE22 (0.5 g, 2.5 mmol) in MeOH (5 mL), NaBH,4 (0.15 g, 3.75 mmol) was added for 5
min at 0 °C. The reaction was stirred at rt for 24 h. The mixture was poured into H,O and MeOH was
removed under vacuum. Then, it was extracted with AcOEt (3 x 15 mL), washed with a saturated

NaCl solution (1 x 10 mL), dried (anhydrous Na,SO,), filtered and concentrated under vacuum. No

Gl

OH

purification step was needed.

Orange oil (472 mg, 91%). *H NMR (500 MHz, CDCls) & 7.19 — 7.06 (m, 3H), 7.06 — 6.98 (m, 1H), 4.06
—3.94 (m, 1H), 3.76 (d, J = 14.9 Hz, 1H), 3.64 (d, J = 14.9 Hz, 1H), 3.02 — 2.94 (m, 1H), 2.93 - 2.87 (m,
2H), 2.86 — 2.77 (m, 1H), 2.76 — 2.69 (m, 1H), 2.68 — 2.59 (m, 1H), 1.81 — 1.68 (m, 1H), 1.62 — 1.54 (m,
1H), 1.19 (d, J = 6.2 Hz, 3H). 3C NMR (126 MHz, CDCls) & 134.09, 134.05, 128.60, 126.55, 126.31,
125.74, 69.74, 57.53, 56.37, 50.61, 33.67, 28.90, 23.46. HRMS (m/z): calcd. for C13H20NO (M + H)*:
206.1545; found: 206.1558.

4.4.2.3. Synthesis of 3-(3,4-dihydroisoquinolin-2(1H)-yl)propanoic acid (JE24)

To a solution of THIQ 20 (1 eq.) and TEA (1 eq.) in absolute EtOH (3 mL/mmol), 3-iodopropanoic acid
50 (1.2 eq.) was added for 5 min at 0 °C. It was stirred at rt for 3 h. Then, the mixture was washed
with a saturated NaCl solution (3 x 10 mL), dried (anhydrous Na,SO.,), filtered and concentrated
under vacuum. Purification was carried out by preparative layer chromatography using a mixture of

DCM/MeOH (9:1) as eluent.

176



Tesis Doctoral

©©\l\/\[(o"|
o)
Yellow oil (57 mg, 18%). *H NMR (500 MHz, CDCls) § 11.72 (s, 1H), 7.24 — 7.01 (m, 4H), 3.93 (s, 2H),
3.17 — 2.84 (m, 6H), 2.60 (t, J = 6.3 Hz, 2H). 3C NMR (126 MHz, CDCl3) 6 174.15, 132.62, 131.32,

128.78, 127.20, 126.72, 126.46, 77.37, 77.37, 77.05, 76.73, 54.14, 52.42, 49.35, 30.42, 27.35. HRMS
(m/z): calcd. for C12H16NO2 (M + H)*: 206.1181; found: 206.1186.

4.4.2.4. General procedure for the synthesis of compounds JE25 and JE22 (Nucleophilic

substitution)

To a solution of THIQ 20 (2 eq.) and TEA (1 eq.) in DCM (3 mL/mmol), the corresponding halide 51 or
49 (1 eq.) was added for 5 min at 0 °C. It was stirred at rt for 20 h for compound JE25 and 5 h for
compound JE22. Then, the mixture was washed with a saturated NacCl solution (3 x 10 mL), dried
(anhydrous Na,S0.), filtered and concentrated under vacuum. Purification was carried out by flash

chromatography using a solvent gradient of Hexane/AcOEt (4:1 - 1:2) as eluent.

methyl 3-(3,4-dihydroisoquinolin-2(1H)-yl)propanoate (JE25)

@O“\/\go\

Light-yellow oil (417 mg, 100%). *H NMR (500 MHz, CDCl;5) § 7.16 — 7.07 (m, 3H), 7.03 — 6.99 (m, 1H),
3.71 (s, 2H), 3.69 (s, 3H), 2.94 — 2.89 (m, 4H), 2.81 (t, J = 6 Hz, 2H), 2.66 (t, J = 6 Hz, 2H). *C NMR (126
MHz, CDCls) 6 172.82, 133.92, 133.88, 128.77, 126.69, 126.47, 125.89, 55.63, 53.15, 51.84, 50.71,
32.28, 28.72. HRMS (m/z): calcd. for C13H1sNO, (M + H)*: 220.1338; found: 220.1316.

4-(3,4-dihydroisoquinolin-2(1H)-yl)butan-2-one (JE22)

Light-yellow oil (422 mg, 100%). Characterization in 4.4.2.1. section.
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4.4.2.5. Synthesis of Naked-NPs (52)

HzN/\O

Polyvinylpyrrolidone (PVP) (Mw 29,000, 1 eq.) was dissolved in 92% EtOH/8% H,0 for a final volume
of 10 mL, and deoxygenated via argon bubbling. Azobisisobutyronitrile (AIBN) (25 eq.) was dissolved
in styrene (freshly washed, 0.5 mL) with VBAH (24 eq.) and DVB (freshly washed, 4.65 pL).?*® The
dispersion was deoxygenated with argon bubbling before addition to the PVP/EtOH solution. The
mixture was stirred under argon for 1 h before heating to 68 °C for 15 h. NPs were obtained by
centrifugation (11,000 g, 15 min) and washed with MeOH (2 x 10 mL) and H,0 (2 x 10 mL). Finally,
NPs were stored in H,O (10 mL) at 4°C.

Particle size distribution: mean diameter: 382.5 nm, PDI = 0.13.
Loading (Ninhydrin): 0.064 mmol/g.

Number of particles per gram: 1.42 x 103,
4.4.2.6. Characterization of Naked-NPs (52)

4.4.2.6.1. Solid content (SC) of the emulsion (%)

A known mass of a suspension of polystyrene NPs (0.5-1 mg, suspended in H,0) was placed in a
watch glass, covered with aluminum foil, dried at 25 °C for 15 h, weighed and reweighed to give the

mass of NPs. The SC was then calculated according to the following equation:

M
% SC = — x 100
Vs

where M = mass of NPs (mg), Vs = Volume of suspension (uL).

SC: 3%, 3 mg of NPs in 100 pL of solution.

4.4.2.6.2. Calculation of number of particles per gram

6 x 1012
T Xp Xd3

where N = Number of particles/g for dry powder, p = Density of solid spheres (g/cm 3), which is 1

g/cm? for polystyrene, d = Mean diameter (nm).

Result: N = 1.42 x 10 NPs per gram.
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4.4.2.6.3. Calculation of loading of NPs using Fmoc NPs test

Fmoc-(x)-NPs (where x is Fmoc-PEG-OH or Fmoc-Lys(Dde)-OH) were resuspended in 1 mL of 20%
piperidine in DMF (3 x 20 min) after which the beads were washed by centrifugation three times, the

supernatants combined and the loading was calculated according to the following equation:

Loadi (mmol) (Azp2 X V) < 1000
oadin =
g g (€302 Xd X W)

where Asp; = Absorbance measured at 302 nm, Vi = Volume of combined supernatants, €30, = Molar

Extinction Coefficient (7800 M*cm™) and Wrg = Mass of beads.

Result: Loading (Fmoc test): 0.064 mmol/g

4.4.2.6.4. Qualitative ninhydrin test

The reaction control was determined by qualitative ninhydrin test. 12 puL samples of NPs in MeOH
(3% SC) in a 0.5 mL capacity eppendorf were washed with MeOH and centrifuged, after which 6 pL of
reagent A (4 % w/v phenol in absolute EtOH mixed with 0.65 % w/v KCN in H,O and diluted in
piperidine) and 2 pL of reagent B (0.05 % w/v ninhydrin in absolute EtOH) were added. The beads
were mixed well and heated at 100 °C for 3 min. Blue-stained resin beads indicate the presence of

primary amines.

4.4.2.7. Determination of NPs concentration (NPs/uL) by spectrophotometric method

NPs concentration was determined by a spectrophotometric method as described previously. Briefly,
measurement of turbidity OD at 600 nm of polystyrene NP suspensions was performed, based on
nephelometric principals. Light going through NP suspensions is scattered via reflection, refraction
and diffraction phenomena and the intensity of the scattered light, which are proportional to
number of NPs in suspension, is recorded by standard spectrophotometers. In this way, calibrate
standard curves were obtained for amino-methyl cross-linked polystyrene NPs of 385 nm by NP
known concentrations. Calibration curves fitted linear regression models by which the number of
NPs per uL corresponding to one unit of OD600 for each size could be determined. Thus, these
curves using initial batches of NP suspensions allowed estimation of the number of NPs in final

batches, which underwent multiple handling procedures, by OD600 measurement of 1 uL.

4.4.2.8. Preparation of therapeutic polymeric nanoparticles JE22-NPs

The synthesis of the polymeric nanoparticles JE22-NPs is displayed in Scheme 12. Aminomethyl NPs
(Naked-NPs, 52) (1 mL, 3% SC, 64 umol/g, 1 umol, 1 eq.) were synthesized as previously reported

(see 4.4.2.5. section for synthetic details). Then, 52 were conditioned in DMF (1 mL x 3 times). N-a-
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Fmoc-glycine (Fmoc-Gly-OH) (50 eq.) was mixed in DMF (1 mL) with oxyme (50 eq.) and N,N'-
diisopropylcarbodiimide (DIC) (50 eq.) for 10 min at 25 °C. Then, this solution was added to 52 and
stirred for 2 h at 60 °C at 1,400 rpm on the Thermomixer. Subsequently, the NPs were washed by
centrifugation (13,400 rpm, 3-10 min) with DMF, MeOH, and water to obtain Fmoc-Gly-NPs (100%
yield, 0.064 mmol g™ of amino groups). Then, Fmoc deprotection with 20% piperidine/DMF (3 x 20
min) was carried out. Separately, Fmoc-4,7,10-trioxa-1,13-tridecanediamine succinamic acid (Fmoc-
PEG-COOH) spacer (50 eq.) was dissolved in DMF (1 mL), then oxyme (50 eq.) and DIC (50 eq.) were
added and mixed for 10 min at 25 °C, and this last solution was mixed to NPs for 2 h at 60 °C.
Subsequently, Fmoc deprotection was carried out to give PEGylated-NPs (53). Next, a solution of
succinic anhydride (50 eq.) and DIPEA (50 eq.) in DMF (1 mL) was added to NPs, sonicated, and
mixed for 2 h at 60 °C. Next, COOH-NPs (54) were activated with oxyme (50 eq.) and DIC (50 eq.) for
4 h at 25 °C. NPs were centrifuged, and a solution of 55% v/v hydrazine hydrate (75 eq.) in DMF (1
mL) was added, and NPs were left stirring at 25 °C for 15 h. Subsequently, hydrazine-NPs (55) were
washed and conditioned in MeOH. Finally, JE22 (10 eq.) was dissolved in MeOH (1 mL) and added to
NPs with a drop of TFA, and the resulting mixture was stirred at 25 °C for 15 h on the Thermomixer
at 1,400 rpm. JE22-NPs were afforded by centrifugation and subsequently washed with DMF (3 x 1
mL), MeOH (3 x 1 mL), and sterile ultrapure H,0 (3 x 1 mL) (Scheme 12 and Table 15).

Table 15. Code, name and structure of synthesized NPs.

Code Name Structure

52 Naked-NPs HzN/\O

(@]
H
53 PEGylated-NPs HzN—PEG\n/NJLN/\O
o) H

H
54 COOH-NPs HONN/PEG\H/NQJ\N/\O
H H
0 0
0 . O
55 Hydrazine-NPs HZN_HN\H/\)J\N/PEG\”/NJJ\N/\O
0 H o H
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JE22

JE22-NPs
0]

@) 0]

4.4.2.9. Preparation of therapeutic and fluorescent nanoparticles JE22-Cy5-NPs

For the preparation of these NPs, the bifunctionalization of the previously described 53 was
performed. Firstly, N-a-Fmoc-N-g-1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl-L-lysine (Fmoc-
Lys(Dde)-OH) (50 eq.) was mixed in DMF (1 mL) with oxyme (50 eq.) and DIC (50 eq.) for 10 min at 25
°C. Then, the solution mixture was added to NPs 53 and stirred on the Thermomixer at 1,400 rpm for
2 h at 60 °C to give Fmoc-Dde-NPs (56). Next, a Fmoc deprotection and a second PEGylation-
deprotection step were carried out to obtain the NH,-Dde-NPs (57) and the fluorescent-label of NPs
was performed in the next step. NPs 57 were centrifugated, washed (3 x 1 mL) and resuspended in
anhydrous DMF (1 mL). Sulfo-Cy5-NHS ester (1 eq.) was dissolved in anhydrous DMF (1 mL) and
DIPEA (1 eq.) and subsequently mixed with the NPs on the Thermomixer at 1,400 rpm for 15 h at 25
°C in the dark. Cy5-Dde-NPs (58) were centrifugated, washed and afforded. Then, Dde group
deprotection was achieved by treatment with 2% hydrazine/DMF (3 x 7 min), and COOH-Cy5-NPs
(59) and Hydrazine-Cy5-NPs (60) were obtained following the previous described synthetic steps.
JE22 was conjugated to NPs using the previous methodology to furnish target JE22-Cy5-NPs. Finally,
NPs were obtained by centrifugation and subsequently washed several times with DMF (3 x 1 mL),

MeOH (3 x 1 mL) and sterile ultrapure H,O (3 x 1 mL) (Scheme 13 and Table 16).
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Table 16. Code, name and structure of synthesized NPs.

Code Name Structure
PEGylated- Ho @
53 v H,N—PEG N\)J\N/\O
NPs \g/ H
HN,Dde
Fmoc-Dde-
56 o
NPs H
Fmoc. HN—PEG N\)J\
N TN
(e} (6]
HN,Dde
NHz-Dde-
57
NPs
Cy5-Dde-
58
NPs
‘038
0
COOH- NH
59
Cy5-NPs
= JOL H H\)?\
N—-PEG. _N
HN-PEG™ "N T jor HAO
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Hydrazine-
60
Cy5-NPs

JE22

JE22-Cy5-NPs

H H
HN—PEG)J\N N_PEG\H/N\)LN
H

4.4.2.10. Characterization of JE22-NPs and JE22-Cy5-NPs

Particle size distribution and mean size were measured using DLS with biological grade water in a
disposable cuvette. Zeta potential values were determined on a Zetasizer Nano ZS ZEN 3500 using a
transparent cuvette. NPs morphology and shape were analyzed by TEM using a LIBRA 120 PLUS TEM

and analyzed with Xei data acquisition software.

4.4.2.11. Stability study of JE22-NPs

For the stability study, 10 uL of NPs were incubated for 24 h in ultrapure water (Milli-Q grade, H,0
mgq), DMEM, NaCl 10 mM, NaCl 154 mM, and PBS at pH = 7 at 4 °C and 37 °C. Then, NPs were
centrifuged and prepared in biological grade water, and subsequently, the particle mean size and

size distribution were determined by DLS and zeta potential analysis.

4.4.2.12. Determination of conjugation efficiency (CE) of JE22 for JE22-NPs and JE22-Cy5-NPs

Calculation of JE22 CE (%) and loading capacity (LC) was carried out by measurement of the
concentration of free JE22 in the supernatant obtained after the centrifugation of NPs by UV

spectroscopy at 254 nm. Previously, an absorbance study of JE22 at different concentrations and a
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calibration curve with lineal ratio between JE22 concentration and the OD of the compound was
performed. Subsequently, JE22 LC and CE were calculated based on formulas as follows:

_ [JE22 conjugated on nanoparticle surface]

LC
Number of NPs A

where N, is Avogadro’s number.

CE (%) = [JE22 conjugated on nanoparticle surface] 100
(%) = Loading of free amine groups %

on nanoparticle surface

4.4.2.13. Determination of CE of Cy5 for JE22-Cy5-NPs

A calibration standard curve with lineal ratio between Cy5 concentration and the OD of Cy5 was
performed by spectrophotometry. By measuring the concentration of free fluorophore in the
supernatant obtained after centrifuging NPs using UV spectroscopy at 650 nm, the CE and LC of Cy5
were calculated. The calculations were conducted according to the formulas previously described in

section 4.4.2.12.

4.4.2.14. Evaluation of drug release profile of JE22-NPs

To determine the efficiency of the hydrolysis of the hydrazone bond of the JE22-NPs, samples at
acidic and neutral pH were prepared. First, 200 pL (8.81 x 108 NPs/uL) of NPs were incubated in a
PBS solution at pH = 5 and pH = 7 for 120 h in an incubator at 37 °C. Then, the supernatants were
collected by centrifuging each sample at t = 1.5, 3, 6, 24, 48, 72, 96, and 120 h, and they were
analyzed through HPLC (Agilent 1200 series HPLC system) with a C18 column from Waters
CORTECS™ (2.1 mm x 100 mm, 1.6 um). The detection of photo diode array (PDA) e\ for JE22 was
established at 252 nm. The mobile phase of H,0O (0.1% HCOOH): CHsCN was supplied at a flow rate of
0.4 mL/min: 0% B, T8: 95% B, T8.1: 0% B, analysis time 10 min. Using standard samples, a calibration
curve of JE22 was prepared. The maximum identification was confirmed by the tz of JE22 at 1.55

min. Cumulative release of JE22 was performed using the following equation:

D
Cumulative JE22 Release (%) = D_t x 100
T

where Dt is the total concentration of JE22-loaded onto the JE22-NPs, and D; is the concentration of

JE22 released from JE22-NPs at a given time t.2%6
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4.4.2.15. Fluorescence determination of JE22-Cy5-NPs by flow cytometry

Conjugation of fluorophore Cy5 to the NPs was checked by flow cytometry using FACSCanto Il and
Flowjo® 10 software for analysis. The red fluorescence emission of the NPs was detected in the APC

channel (660/20 nm).

4.4.2.16. Fluorescence determination of JE22-Cy5-NPs by confocal laser microscopy

The fluorescence emission of the Cy5-labelled NPs was determined by confocal microscopy using a
ZEISS LSM 710 confocal laser scanning microscope. ZEN 2012 Blue Edition Image and Image)
software’ (version 1.49b) were used for the analysis. Fluorescence emission was detected in the APC

channel.

4.4.3. Biology

4.4.3.1. Study of pH effect on MDA-MB-231 cell viability

MDA-MB-231 cells were seeded in a 96-well plate format (1,000 cells/well) and incubated for 24 h.
Each well was then replaced with DMEM media at pH = 5 and incubated for 1.5, 3 and 6 h. Media
was replaced with pH = 7.4 DMEM media and cell viability tested at day 5 using PrestoBlue™ cell
viability reagent. Cells incubated with normal DMEM media were used as control. Each condition

was performed in triplicates.

4.4.3.2. Confocal microscopy analysis

Glass coverslips were coated with poly-L-lysine (10 x 10* cells/well), and then MDA-MB-231 cells
were seeded onto them in 24-well plate format. Following incubation time (24 h), cells were stained
using an anti-CD44-FITC antibody diluted in MACS® bovine serum albumin (BSA) Stock Solution (1
uL/400 pL). Plates were incubated for 10 min on ice in the dark. Then, cells were washed with
DMEM media and treated with a new solution of culture media containing JE22-Cy5-NPs (1,000
NPs/cell). After 30 min of incubation at 37 °C, the medium was aspirated, and the cells were washed
twice with 1 x PBS and fixed in 4% paraformaldehyde for 10 min at rt. After washing with 1 x PBS,
fixed cells were mounted with DAPI-containing mounting medium (ProLong Gold). A ZEISS LSM 710
confocal laser microscope was used to collect the images using a DIC Plan-Apochromat 63x oil
immersion objective with 1.40 numerical apertures and the ZEN 2010 software. Images were

subsequently analyzed using the Zen 2012 Blue Edition Image and Imagel® software (version 1.49b).
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4.4.3.3. Wound healing assay

MDA-MB-231 cells were seeded in a 12-well plate format at 25 x 10* cells/well and incubated until
90% confluence. Then, cells were gently scratched using a pipette tip, washed with PBS to remove
cell debris, and treated with JE22-NPs at 20,000 NPs/cell (36 nM) and JE22 (ECso = 8 uM). Untreated
cells (DMSO, 0.1% v/v) and cells treated with Naked-NPs (52) at 20,000 NPs were used as controls.
Images were acquired at time zero and after 24 h of incubation using an Olympus CKX53 microscope

(4x objective magnification). Wound areas were measured using Imagel® software.

4.4.4. Expression and purification of HsCD44-HABD

The DNA sequence encoding the human CD44 (HsCD44; aa A20 - T175) was codon optimized and
synthesized by GenScript (USA) for expression in HEK293F cells. The DNA, containing at the 5’ end a
recognition sequence for Kpnl, and at the 3’end a stop codon and a recognition sequence for Xhol,
was cloned into a modified pHLSec containing, after the secretion signal sequence, a 12xHis tag, a
superfolder GFP and a TEV cleavage site, rendering the vector pHLSec-12Hist-GFP-TEV-HsCD44. The

cloning of the construct into the modified pHLSec was performed by GenScript.

pHLSec-12Hist-GFP-TEV-HsCD44 (20-175) was transfected into HEK293F cell line as described below.
For DNA amplification, all plasmids were transformed in E. coli DH5a cells and extracted with
PureLink™ Expi Endotoxin-Free Giga Plasmid Purification Kit (Invitrogen) according to the

manufacturer’s instructions.

Cells were grown in suspension in a humidified 37 °C and 8% CO; incubator with rotation at 125 rpm.
Transfection was performed at a cell density of 2.5 x 10° cell/mL in fresh media F17 serum-free
media (Gibco) with 2% Glutamax and 0.1% Kolliphor® P 188. For each 150 mL of culture, 450 pg of
the plasmid (1pg/pL) was mixed with 135 pL of sterilized 1.5 M NaCl. This mixture was added to each
150 mL cell culture flask and incubated for 5 min in the incubator. After that, 1.35 mg of
polyethylenimine “Max” (1 mg/mL) was mixed with 135 pL sterilized 1.5 M NaCl and subsequently
the mix was added to the cell culture flask. Cells were diluted 1:1 with pre-warmed media
supplemented with valproic acid 24 h post-transfection to a final concentration of 2.2 mM. Then,
cells were harvested 6 days post-transfection by spinning down at 300 x g for 5 min, after which the

supernatants were collected and centrifuged at 4,000 x g for 15 min.

Supernatant was dialyzed against buffer A (25 mM Tris pH 7.5, 300 mM NaCl) and loaded into a His-
Trap Column (GE Healthcare). Protein was eluted with an imidazol gradient in buffer A from 10 mM
up to 500 mM. Buffer exchange to 25 mM Tris pH 7.5, 150 mM NaCl (buffer B) was carried out using
a HiPrep 26/10 Desalting Column (GE Healthcare). TEV protease was then added in a ratio 1:50
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(TEV:protein) to the fusion construct in order to cleavage the His-GFP. After 20 h of reaction at 18 °C,
the cleavage was satisfactorily verified through sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). TEV protease and GFP were removed from the solution using a His-
TrapColumn (GE Healthcare), obtaining an isolated HsCD44. The isolated HsCD44 was then loaded in
HiLoad 26/60 Superdex 75 Column (GE Healthcare) in order to eliminate any aggregates, previously
equilibrated with buffer B. Quantification of protein was carried out by absorbance at 280 nm using

his theoretical extinction coefficient (€280 nmHSCD44 = 11,920 M1cm™).

4.4.5. STD NMR spectroscopy studies

The study was carried out at 600 MHz NMR, the buffer used was tris-d11 25 mM NaCl 150 mM in
D,0, CD44-HABD concentration was 50 uM and JE22 concentration was 2 mM. To obtain the
epitope, the experiments were carried out at 5 °C, irradiating at 1.06 ppm (on-resonance) and 40

ppm (off-resonance) and using the following saturation times: 0.5, 0.75, 1, 1.5, 2, 3, 4 and 5 seconds.

4.4.6. DMR studies

4.4.6.1. Drugs and reagents

LMW-HA (50 kDa) was purchased from HAworks LLC. HMW-HA (875 kDa) and etoposide were
purchased from Sigma-Aldrich. Derivative JE22 was synthesized. Concentrated solutions for
compounds (100 mM) were made in DMSO and kept at -20 °C until use. Stock solutions for HAs (10
mg/mL) were made in assay buffer and kept at =20 °C until use. The medium and reagents for cell
culture were purchased from Euroclone. N-(2-Hydroxyethyl)piperazine-N'- ethanesulfonic acid

(HEPES) and BSA fraction V were from Sigma-Aldrich.

4.4.6.2. Cells

MDA-MB-231 cells were maintained in DMEM High Glucose supplemented with 10% FBS, 100 U/mL
penicillin, 100 pg/mL streptomycin and 2 mmol/L glutamine. Cells were cultured at 37 °C in 5% CO,

humidified air.

4.4.6.3. DMR assay

For DMR measurements, the label-free EnSight Multimode Plate Reader through the Corning® Epic®
Technology was used. Cells were seeded 20,000 cells/well in a volume of 30 pL onto no-coated, poly-
D-lysina coated and fibronectin-coated 384-well DMR microplates and cultured for 20 h to obtain

confluent monolayers. On the day of the experiment, cells were manually washed twice and

187



Jose Manuel Espejo Roman

maintained in the assay buffer (Hanks balanced salt solution with 20 mM HEPES, 0.01% BSA fraction

V and 0.1% DMSO) for 90 min before the test. Serial dilutions were made in the assay buffer.

Agonism protocol: a 5-minute baseline was first established, followed by adding compounds
manually in a volume of 10 uL and recording compounds-triggered DMR signal for 60 min. In
agonism experiment LMW-HA was tested from the concentration of 2,500 pug/mL, 1:2 serial

dilutions, while CD44 ligands were tested from the concentration of 1 mM, 1:3 serial dilutions.

Antagonism protocol: antagonists were added manually 25 min before reading the 5-minute
baseline. After baseline establishment, LMW-HA was injected and DMR signal was recorded for 60
min. Antagonist properties of ligands were measured by assessing the CRC to LMW-HA (from 2,500
pug/ml, 1:2 serial dilutions) in the absence and in the presence of a fixed concentration of compound
(100 uM). Responses were described as pm shifts over time (sec) following subtraction of values
from vehicle-treated wells. Maximum pm modification (peak measured at 60 min time point) was

used to generate CRCs after baseline normalization. All the experiments were carried out at 37 °C.

4.4.6.4. Data analysis

All data are expressed as the mean + SEM of at least three experiments performed in duplicate. CRCs
were fitted to the classical four-parameter logistic nonlinear regression model. Curve fitting was

performed using GraphPad Prism software.
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5. Conclusiones

1. Se ha desarrollado una metodologia sintética que permite obtener derivados de N-aril (serie A), 3-

(indacen-4-ilcarbamaoil)-2-arilsulfonil (serie B) y N-alquil (serie C) THIQ.

2. Las técnicas empleadas de espectroscopia de RMN de H y 13C y espectrometria de masas han

permitido identificar inequivocamente los 52 compuestos sintetizados en esta memoria.

3. Ocho derivados de THIQ (JE2e, JES, JE6, JE8, JE11a, JE18, JE21 y JE22) han presentado actividades
antiproliferativas frente a la linea tumoral CD44+ MDA-MB-231 inferiores a 10 uM siendo el

compuesto JE5 el mas activo con un valor de ECso en el rango submicromolar.

4. La induccién de apoptosis no es el mecanismo por el que los compuestos JE2e, JE5, JE6 y JE22

ejercen su efecto antiproliferativo en la linea tumoral MDA-MB-231.

5. El compuesto JE5 altera la integridad celular de forma dosis dependiente en un modelo

tridimensional de esferoides MDA-MB-231.

6. Los estudios computacionales han demostrado que JE2e, JE5, JE6 y JE22 se unen al CD44-HABD

ocupando el bolsillo de unién de la THIQ y alcanzando la zona de unidn al HA.

7. Los compuestos JE2e, JE5, JE6 y JE22 impiden la union de HA marcado fluorescentemente a CD44

en un ensayo de competitividad corroborando los resultados obtenidos mediante MD.

8. Los ensayos de STD NMR han demostrado que el compuesto JE22 se une al CD44-HABD

fundamentalmente a través de los metilenos vecinales a la amina de la THIQ.

9. Los estudios preliminares de DMR muestran que JE22 disminuye la sefial producida por el LMW-

HA en la linea tumoral MDA-MB-231.

10. Se ha desarrollado y caracterizado un nanosistema para la conjugacion del compuesto JE22 a NPs

de poliestireno mediante la formacién de un enlace hidrazona sensible al pH.

11. Este nanosistema permite liberar de forma eficiente y selectiva del compuesto JE22 en el
microambiente tumoral favoreciendo su accién sobre el receptor CD44 en la linea tumoral MDA-MB-

231.
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5. Conclusions

1. A synthetic methodology has been developed to obtain N-aryl (A series), 3-(indacen-4-

ylcarbamoyl)-2-arylsulfonyl (B series) and N-alkyl (C series) THIQ derivatives.

2. 'H and *C NMR spectroscopy and mass spectrometry techniques have unequivocally allowed the

identification of the 52 compounds synthesized in this work.

3. Eight THIQ derivatives (JE2e, JE5, JE6, JE8, JElla, JE18, JE21 and JE22) have shown
antiproliferative activities against the CD44+ MDA-MB-231 tumor cell line below 10 uM, being

compound JE5 the most active with an ECsovalue in the submicromolar range.

4. Induction of apoptosis is not the mechanism by which compounds JE2e, JE5, JE6 and JE22 exert

their antiproliferative effect on the MDA-MB-231 tumor cell line.

5. Compound JE5 alters cell integrity in a dose-dependent manner in a three-dimensional model of

MDA-MB-231 spheroids.

6. Computational studies have shown that JE2e, JE5, JE6 and JE22 bind to CD44-HABD occupying the
THIQ binding pocket and reaching the HA binding site.

7. Compounds JE2e, JE5, JE6 and JE22 hinder the binding of fluorescently labelled HA to CD44 in a

competitive assay corroborating the results obtained by MD.

8. STD NMR assays have shown that compound JE22 binds to CD44-HABD mainly through the vicinal

methylenes to the THIQ amine.

9. Preliminary DMR studies show that JE22 decreases the signal produced by LMW-HA in the MDA-

MB-231 tumor cell line.

10. A nanosystem for the conjugation of compound JE22 to polystyrene NPs via the formation of a

pH-sensitive hydrazone bond has been developed and characterized.

11. This nanosystem allows efficient and selective release of the compound JE22 in the tumor

microenvironment, enhancing its action on the CD44 receptor in the MDA-MB-231 tumor cell line.
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Apéndices

Apéndice 1. Derechos, permisos y creacion de figuras
- Las siguientes figuras han sido adaptadas o reproducidas sin necesidad de permiso:

La Figura 1 ha sido adaptada de la ref. 3. La Figura 18 (B) ha sido adaptada de la Figura 5 de la ref.
165. La Figura 19 ha sido adaptada de la Figura 7 de la ref. 165.

- Las siguientes figuras han sido adaptadas o reproducidas bajo permiso:

La Figura 65 ha sido adaptada de la Figura 1 de la ref. 277 con permiso de Springer Nature bajo la
licencia 5487850446102.

La Figura 67 ha sido reproducida de la Figura 1 de la ref. 281 con permiso de Springer Nature bajo la

licencia 5487850934916.

- La Figura 2, Figura 6, Figura 8, Figura 11, Figura 22, Figura 23, Figura 24, Figura 25 y Figura 27 han

sido creadas mediante el uso del programa Biorender.com.

- Todas las estructuras y esquemas quimicos han sido creados mediante el uso del programa

ChemDraw v20.

- La Figura 29, Figura 30 (A), (B), Figura 31, Figura 32, Figura 36 (B), Figura 38, Figura 39, Figura 46,
Figura 47, Figura 50 (B), Figura 51, Figura 52, Figura 54, Figura 55, Figura 56, Figura 57, Figura 58,
Figura 59, Figura 61 (A), Figura 62 (B), Figura 68, Figura 69 y Figura 70 han sido creadas mediante el

uso del programa GraphPad v8.

- La Figura 35, Figura 53 (A), Figura 61 (B) y Figura 63 han sido creadas mediante el uso del programa

FlowJo v10.

- La Figura 28 (A), Figura 33, Figura 34, Figura 41 y Figura 45 han sido creadas mediante el uso del
programa PyMol.

- El mapa del plasmido de la Figura 64 (A) ha sido creado mediante el uso del programa SnapGene.

- Las estructuras tridimensionales de las siguientes figuras han sido creados mediante el uso del

programa BIOVIA Discovery Studio:

La Figura 9 ha sido creada a partir del PDB ID: 2JCR (A) y 1UUH (B).
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La Figura 10 ha sido creada a partir del PDB ID: 2JCP (proteina sola) y 2JCR (proteina en complejo con
el HAS).

La Figura 16 ha sido creada a partir del PDB ID: 5BZK y 2JCR.

La Figura 26 (A) ha sido creada a partir del PDB ID: 5BZK.
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Apéndice 2. Espectros de RMN H y 3C

N-benzyl-1,2,3,4-tetrahydroisoquinoline (JE1a)
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2-(4-nitrobencyl)-1,2,3,4-tetrahydroisoquinoline (JE1b)

'H NMR
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2-(4-bromobencyl)-1,2,3,4-tetrahydroisoquinoline (JE1c)

1
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2-(4-(trifluoromethyl)benzyl)-1,2,3,4-tetrahydroisoquinoline (JE1d)

'H NMR
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2-(3,4,5-trimethoxybenzyl)-1,2,3,4-tetrahydroisoquinoline (JEle)

'H NMR
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2-((4-nitrophenyl)sulfonyl)-1,2,3,4-tetrahydroisoquinoline (JE1f)

1
H NMR
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2-tosyl-1,2,3,4-tetrahydroisoquinoline (JE1g)

'H NMR
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2-benzyl-1,2,3,4-tetrahydroisoquinolin-5-amine (JE2a)

'H NMR
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2-(4-nitrobenzyl)-1,2,3,4-tetrahydroisoquinolin-5-amine (JE2b)

'H NMR
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2-(4-bromobenzyl)-1,2,3,4-tetrahydroisoquinolin-5-amine (JE2c)

'H NMR
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2-(4-(trifluoromethyl)benzyl)-1,2,3,4-tetrahydroisoquinolin-5-amine (JE2d)

'H NMR
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2-(3,4,5-trimethoxybenzyl)-1,2,3,4-tetrahydroisoquinolin-5-amine (JE2e)

'H NMR
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2-((4-nitrophenyl)sulfonyl)-1,2,3,4-tetrahydroisoquinolin-5-amine (JE2f)

'H NMR
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2-tosyl-1,2,3,4-tetrahydroisoquinolin-5-amine (JE2g)

'H NMR
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2-benzyl-1,2,3,4-tetrahydroisoquinolin-8-amine (JE3a)

'H NMR
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2-(4-nitrobenzyl)-1,2,3,4-tetrahydroisoquinolin-8-amine (JE3b)

'H NMR

Ng 54 T4s  ToTd 2 o o woNT N

s &g 288 IIYAN g 2 & RRREGE

@ NN G868 soow < - @ NAANNN

\/ \/ Ng NI e
NH,

A
=

L |

I & & 42 I b 5
] o o o o < N o o
<& 3 3 33 2 3 332
—— T T L s e o
86 84 82 80 7.8 7.6 74 7.2 7.0 68 6.6 64 62 60 58 56 54 52 50 48 46 44 42 40 3.8 3.6 3.4 32 3.0 28 26 24 22
f1 (ppm)
13C NMR
RER To®% 8§88 8% & E 3N 2
EER g & &8 ©¢ = o S o
%y 2 & &8d8 44 = 5 a9 B
Vel I [ (I I I
I
I
|
b A. " A d roy Ak sl M " bt M e W
i A sy b o iy Y i ahy \ f

T T T T T T T T T T T T T T T T T T T T T T T T T T T
155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 8 75 70 65 60 55 50 45 40 35 30 25
f1 (ppm)

244



Tesis Doctoral

2-(4-bromobenzyl)-1,2,3,4-tetrahydroisoquinolin-8-amine (JE3c)

'H NMR
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2-(4-(trifluoromethyl)benzyl)-1,2,3,4-tetrahydroisoquinolin-8-amine (JE3d)

'H NMR
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2-(3,4,5-trimethoxybenzyl)-1,2,3,4-tetrahydroisoquinolin-8-amine (JE3e)

'H NMR
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2-((4-nitrophenyl)sulfonyl)-1,2,3,4-tetrahydroisoquinolin-8-amine (JE3f)

'H NMR
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Tesis Doctoral

2-tosyl-1,2,3,4-tetrahydroisoquinolin-8-amine (JE3g)

'H NMR
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Jose Manuel Espejo Roman

N,2-bis(4-nitrobenzyl)-1,2,3,4-tetrahydroisoquinolin-8-amine (JE3h)

'H NMR
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N, 2-bis(4-(trifluoromethyl)benzyl)-1,2,3,4-tetrahydroisoquinolin-8-amine (JE3i)

'H NMR
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Jose Manuel Espejo Roman

2-benzyl-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline (JE4a)

'H NMR
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Tesis Doctoral

6,7-dimethoxy-2-(4-nitrobenzyl)-1,2,3,4-tetrahydroisoquinoline (JE4b)

1
H NMR
82 83 3 & 858 8 82
el 2R FI g <
\/ \/ (| N \
/ODO\/@NOZ
~ N
(@]
I
I
£3 7 Fa) §3% T Ey
: : : : : : : : : : : : :
8.5 8.0 7.5 7.0 6.5 6 5.5 5.0 4.5 4.0 3.5 3.0 25
f1 (ppm)
13
CNMR
8888 3 %33 2 8 o ne & <
BaNN S Wy - a = S8 R S
EEEY 8 83§ 38 2 88 8 K
S NI I [ Vo

T T T T T T T T T T
150 145 140 135 130 125 120 115 110 105 100 95 920 85 80
1 (ppm)

253



Jose Manuel Espejo Roman

2-(4-bromobenzyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline (JE4c)

1
H NMR
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Tesis Doctoral

6,7-dimethoxy-2-(4-(trifluoromethyl)benzyl)-1,2,3,4-tetrahydroisoquinoline (JE4d)

1
H NMR
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6,7-dimethoxy-2-(3,4,5-trimethoxybenzyl)-1,2,3,4-tetrahydroisoquinoline (JE4e)

1
H NMR
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6,7-dimethoxy-2-((4-nitrophenyl)sulfonyl)-1,2,3,4-tetrahydroisoquinoline (JE4f)

1
H NMR
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6,7-dimethoxy-2-tosyl-1,2,3,4-tetrahydroisoquinoline (JE4g)

'H NMR
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2-(3,4,5-trimethoxybenzyl)-1,2,3,4-tetrahydroisoquinolin-5-ol (JE5)

'H NMR
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5-bromo-2-(3,4,5-trimethoxybenzyl)-1,2,3,4-tetrahydroisoquinoline (JE6)

'H NMR
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(S)-2-((4-cyanophenyl)sulfonyl)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-1,2,3,4-
tetrahydroisoquinoline-3-carboxamide (JE7)

'H NMR
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(S)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-2-((4-methoxyphenyl)sulfonyl)-1,2,3,4-

tetrahydroisoquinoline-3-carboxamide (JE8)

'H NMR
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Tesis Doctoral

(S)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-2-((4-(trifluoromethyl)phenyl)sulfonyl)-1,2,3,4-

tetrahydroisoquinoline-3-carboxamide (JE9)

'H NMR
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Jose Manuel Espejo Roman

(S)-methyl 4-((3-((1,2,3,5,6,7-hexahydro-s-indacen-4-yl)carbamoyl)-3,4-dihydroisoquinolin-2(1H)-
yl)sulfonyl)benzoate (JE10)

'H NMR
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Tesis Doctoral

(S)-2-((4-fluorophenyl)sulfonyl)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-1,2,3,4-

tetrahydroisoquinoline-3-carboxamide (JE11a)

'H NMR
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Jose Manuel Espejo Roman

(S)-2-((4-fluorophenyl)sulfonyl)-N-(1,2,3,6,7,8-hexahydro-as-indacen-4-yl)-1,2,3,4-

tetrahydroisoquinoline-3-carboxamide (JE11b)

'H NMR
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Tesis Doctoral

(S)-4-((3-((1,2,3,5,6,7-hexahydro-s-indacen-4-yl)carbamoyl)-3,4-dihydroisoquinolin-2(1H)-

yl)sulfonyl)benzoic acid (JE12)

'H NMR
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Jose Manuel Espejo Roman

(S)-2-((4-(dimethylamino)phenyl)sulfonyl)-N-(1,2,3,5,6, 7-hexahydro-s-indacen-4-yl)-1,2,3,4-

tetrahydroisoquinoline-3-carboxamide (JE13)

'H NMR

89'97
89'9 4
69'9 1
1294
29y
£6'9
Ty
€1y
pTLA
ST
9T,
nya
8T
8T
612

61,
0zL
0z'L
e
oL
orL W
7L
we
€L

€LL

—

hr—

18—

Feov

fos

Feot
Foce

Fos's

80

oo

j=74+

Fort

E18'0

82 80 7.8 76 74 72 7.0 68 66 64 62 6.0 58 56 54 52 50 48 46 44 42 40 3.8 3.6 3.4 3.2 3.0 2.8 2.6 24 22 2.0 L
f1 (ppm)

13C NMR

$9'S7—

TH'0E ~
prIe"
b0'EE "

6T°0F —

9L —

6T°LS —

6659 —

I —

69°89T —

T
100
f1 (ppm)

110

T
170

T
180

268



Tesis Doctoral

(S)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-2-((4-(piperidin-1-yl)phenyl)sulfonyl)-1,2,3,4-

tetrahydroisoquinoline-3-carboxamide (JE14)

'H NMR
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(S)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-2-((4-morpholinophenyl)sulfonyl)-1,2,3,4-

tetrahydroisoquinoline-3-carboxamide (JE15)

'H NMR
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Tesis Doctoral

(S)-2-((4-(benzylamino)phenyl)sulfonyl)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-1,2,3,4-

tetrahydroisoquinoline-3-carboxamide (JE16)

'H NMR
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Jose Manuel Espejo Roman

(S)-2-((4-(diethylamino)phenyl)sulfonyl)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-1,2,3,4-

tetrahydroisoquinoline-3-carboxamide (JE17)

'H NMR
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Tesis Doctoral

(S)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-2-((4-(4-methylpiperazin-1-yl)phenyl)sulfonyl)-1,2,3,4-
tetrahydroisoquinoline-3-carboxamide (JE18)

'H NMR
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tert-butyl(S)-4-(4-((3-((1,2,3,5,6, 7-hexahydro-s-indacen-4-yl)carbamoyl)-3,4-dihydroisoquinolin-

2(1H)-yl)sulfonyl)phenyl)piperazine-1-carboxylate (JE19)

'H NMR
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Tesis Doctoral

(S)-2-((4-(ethylamino)phenyl)sulfonyl)-N-(1,2,3,5,6, 7-hexahydro-s-indacen-4-yl)-1,2,3,4-
tetrahydroisoquinoline-3-carboxamide (JE20)

'H NMR
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(S)-N-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-2-((4-(piperazin-1-yl)phenyl)sulfonyl)-1,2,3,4-
tetrahydroisoquinoline-3-carboxamide (JE21)

'H NMR
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4-(3,4-dihydroisoquinolin-2(1H)-yl)butan-2-one (JE22)

'H NMR
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4-(3,4-dihydroisoquinolin-2(1H)-yl)butan-2-ol (JE23)

'H NMR
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Tesis Doctoral

3-(3,4-dihydroisoquinolin-2(1H)-yl)propanoic acid (JE24)

'H NMR
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methyl 3-(3,4-dihydroisoquinolin-2(1H)-yl)propanoate (JE25)

'H NMR
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