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]Resumen

El polipéptido amiloide de los islotes (IAPP) o amilina humana es un péptido de 37
aminodcidos sintetizado y co-secretado junto con la insulina por las células beta
pancreaticas, cuya funcion es regular el vaciamiento gastrico, reducir la accion del
glucagén y promover la accién de la leptina previniendo los picos de hiperglucemia. La
IAPP humana es una hormona que bajo condiciones fisioldgicas mantiene una carga
positiva y una alta tendencia a la formacion de estructuras secundarias-beta y oligémeros
gue pueden conducir a la formacién de estructuras amiloides, sin embargo en otras
especies, por ejemplo aves y reptiles existen variantes que no presentan ese
comportamiento, es por ello que la amilina representa un modelo particularmente
favorable para investigar el impacto de la carga electrostatica en la fibrilacién y su posible
interaccion con lipidos de membrana; tal es el caso de la fosfatidilcolina, la fosfatidilserina,
y del colesterol, los cuales pueden estar relacionados con el fenbmeno de agregacion. De
manera que su caracterizacion podria ser estudiada mediante técnicas bioquimicas de
espectromeétria, fluorescencia que evaliien cambios en su estructura, en un modelo celular
representativo. Por lo tanto, comprender a detalle las interacciones entre las proteinas con
potencial amiloidogénico y las membranas es esencial para dilucidar los mecanismos de
citotoxicidad que podrian ser extrapolados al disefio de terapias contra la amiloidosis. En
el presente trabajo se proponen dos variantes del fragmento C-ter de la amilina,
identificados como FxR e I,6A elegidos a partir de un estudio in silico a través de 240
especies, los cuales dentro de los criterios de seleccidn fueron los que presentaron menor
tendencias a la agregacion de tipo amiloide. Se evaluaron los cambios conformacionales
asociados con el plegamiento anbmalo y la agregacion de dichas variantes mediante
ensayos in vitro con espectroscopia del enlace peptidico y ensayos con rojo-Congo, asi
como el ensayo de fluorescencia-ThT, para posteriormente realizar pruebas de viabilidad
celular. En el trabajo experimental se determiné que en un sistema lipidico neutro con PC
y Colesterol la variante F,3sR no presenta cambios estructurales significativos hacia la
formacion de estructuras beta, sin embargo la variante l,6A presenté un comportamiento
fisicoquimico muy similar al dominio C-ter nativo de la IAPP, con una alta tendencia a la
formacion de estructuras fibrilares. Por otra parte, se determind que existe una importante
interaccion entre la PS y la variante F,3R al inducir cambios estructurales hacia la

formacion de estructuras-beta, este comportamiento se compard con un sistema lipidico



de tipo anidnico similar, especificamente con fosfatidilglicerol encontrandose el mismo

comportamiento.

En base al presente estudio se estableci6 que la relacién lipido- péptido hacia la
formacion de estructuras secundarias de tipo amiloide estd condicionada al tipo, la

concentracion y la carga electrostatica que presenta el lipido de membrana.



1.1 Antecedentes

La diabetes es una enfermedad crénica que ocurre cuando el cuerpo no
puede producir la suficiente cantidad de la hormona insulina o bien no puede utilizarla
eficazmente, ya que esta hormona permite a las células insulino-dependientes captar la
glucosa y utilizarla como energia. Para su estudio se ha clasificado en diabetes tipo 1,

tipo 2 y gestacional [1].

La diabetes tipo 1 (DM1) es provocada por una reaccion autoinmune, en la que el
sistema de defensa del cuerpo ataca las células-beta productoras de insulina en el
pancreas, como resultado, el cuerpo ya no puede producir la insulina que necesita. Por su
parte en la diabetes tipo 2 (DM2) se presenta cuando el cuerpo es capaz de producir
insulina pero se vuelve resistente a ella, de modo que la insulina es ineficaz, con el
tiempo, los niveles de insulina pueden llegar a ser insuficientes. Tanto la resistencia, como
la deficiencia de insulina pueden llevar a una hiperglicemia. Y por ultimo la diabetes
gestacional es un estado en el que la mujer cursa por hiperglucemia y suele ocurrir apartir
de la semana 24 de embarazo [1]. Actualmente la diabetes ocupa el segundo lugar de

casos de muerte en México y el sexto a nivel mundial [1, 2].

Por otra parte la amiloidogésis es un proceso debido al depdsito andémalo de
proteinas formado primordialmente por estructuras beta laminares las cuales se
acumulan a nivel extracelular y pueden encontrarse en distintos 6érganos y tejidos, sin
embargo éstas no tienen un papel estructural, de apoyo o motilidad, pero esta asociada al
desarrollo de distintas enfermedades como la DM2 [3] Si bien la insulina y la amilina,
trabajan en conjunto para mantener un estado de normo glucemia, numerosos estudios
han encontrado una importante relacion entre la amiloidogénesis y la DM2. La
deposicién excesiva a nivel intra y extracelular de oligébmeros solubles y fibras insolubles
de amilina. Estos importantes oligdmeros posteriormente desencadenan la disfuncion de
las células beta pancreaticas [4]. Multiples factores como una dieta rica en lipidos
saturados y nieles elevados de colesterol sérico pueden conducir a un estado de
lipotoxicidad, provocando cambios fisiologicos que pueden afectar al metabolismo de
proteinas, las cuales activan factores de transcripcién a nivel del reticulo endoplasmico

(RE) como la proteina homologa al factor de transcripcion C/EBP (CHOP) vy el factor de



activacion de la transcripcion 6 (ATF6a) que ayudan a contrarrestar el estrés celular. Sin

embargo bajo un estimulo crénico pueden conducir a la disfuncién celular [5].

1.2 Amilina

La amilina o polipéptido amiloide de los islotes (IAPP), es un péptido de 37 aminoacidos
sintetizado en las células beta pancreéticas y, procesado en el aparato de Golgi. Ademas
es almacenado y, co-secretado en el medio extracelular junto con la insulina [6]. La IAPP
ralentiza el vaciado géstrico, participa en el control de la homeostasis de la glucosa y
funciona como inhibidor de la liberacién del glucagon. También, ha sido descrito como
un sensibilizador al sinergizar la funcién de la leptina en tejidos periféricos [7]. Aunado a
su funcién hormonal, la amilina también modula importantes efectos paracrinos y
autocrinos en el pancreas, al controlar al glucagon y la liberacion de insulina de las

células a y B, respectivamente [8].

El IAPP plasméatico maduro, es producido a partir de la preproamilina, compuesta
de 89 residuos [9]. Este es procesado en el aparato de Golgi, en los granulos de
secrecion de insulina. A continuacion es cosecretado junto con ella en respuesta a los
mismos estimulos [10]. En pacientes sanos, las concentraciones de amilina basales
varian de 2-13 pmol/L; sin embargo, durante un periodo posprandial puede elevarse hasta
5-17 pmol/L [11, 12]. En pacientes que sufren de diabetes mellitus tipo 1 (DM1), los
niveles pueden estar disminuidos debido al deterioro en la funcionalidad de las células
beta, con respecto a pacientes con resistencia a insulina en donde puede ser mayor a 20
pmol/L [13]. Se ha propuesto que cerca del 90% de las células beta de pacientes con
DM2 presentan depésitos amiloides [14]. ElI envejecimineto es otro factor que esta
implicado en la disminucién progresiva de la relaciéon insulina/amilina [15]. Asi mismo la
agregacion de amiloides de la hIAPP esta asociada con la disminucion de la cantidad, la
funcionalidad y deterioro de las células B, por lo tanto puede conducir a la apoptosis
celular [14, 16]. En un analisis in vitro se ha reportado que la agregacion de la IAPP se
podria acelerar debido a la interaccion con bicapas lipidicas, especialmente formadas por
fosfolipidos anidnicos [17-21]. Existen estudios que reportan la formacion de poros en
membranas celulares, debido a la acumulacion de especies oligoméricas intracelulares
provocando una tension y deformacién mecanica en la curvatura de dichas membranas.
Lo que podria resultar en la apertura de canales de calcio, lo cual puede conducir a una
condicion de estrés de reticulo endoplasmico (RE) inducido por la hIAPP, y la aparicion de
un mecanismo denominado respuesta a proteinas desplegadas (UPR) que eventualmente
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puede conducir a la muerte celular [22]. Respecto a la secuencia de la amilina, se conoce
que varias mutaciones pueden estar relacionadas con las alteraciones de estructuras
amiloides in vivo, por ejemplo la mutacion S,,G se ha descrito en la poblacion asiética,
estando asociada con casos prematuros de DM2 y acelerando la formacion de estructuras
amiloides [12, 23-25]. Igualmente, se han reportado variantes genéticas en poblaciones

maories de Nueva Zelanda [25].

Sin embargo, la amilina derivada de algunas especies como la rata, no produce
estructuras o fibras amiloides in vivo. La diferencia entre la secuencia humana y de la rata
esta limitada a seis aminoacidos, cinco de ellos localizados entre los residuos 23-29. En
esta region, las secuencias de rata contienen tres prolinas (25, 28 y 29), condicion que
puede interrumpir la inducciébn de una estructura secundaria beta, disminuyendo el
proceso de nucleacién [26]. Bajo este concepto, se desarrolld el acetato de pramlintida,
un analogo molecular de la amilina, el cual es un farmaco que dentro de sus principales

funciones es la supresion del glucagon y ralentizar el vaciado gastrico [27]

Cabe sefialar que una caracteristica especifica en el disefio de pramlintida, es el
cambio en los residuos Az, Sog Y S29 por prolinas, lo cual confiere una baja tendencia a la
formacion de estructuras amiloides. En la DM1, la administracion de pramlintida ha sido
usada junto con la insulina en el tratamiento de pacientes con problemas en la regulacion

de los niveles de glucosa [27].
1.3 Lipidos de membrana

La membrana plasmatica es una estructura dinamica en el mantenimiento de las
funciones celulares, ya que juega un papel muy importante en diversos procesos como el
transporte y permeabilidad selectiva de iones y moléculas, asi como en funciones de
excitabilidad, movilidad, diferenciacién, exocitosis, reconocimiento intercelular y
transduccién de sefales extracelulares [28]. Estudios recientes revelan que la membrana
plasmatica interna de las células se compone de aproximadamente un 20% de lipidos
aniénicos que proporcionan cargas negativas (campo eléctrico estimado en 5V / cm),
generando un potencial de membrana [29]. Dependiendo del tipo de célula en estudio, ha
sido ampliamente demostrado que existe una diferencia en la composicion entre la
monocapa externa y la interna de la membrana plasmatica, siendo la fosfatidilcolina y
esfingomielina las de mayor predominio en su capa externa mientras que la monocapa

interna preferentemente incluye fosfatidilserina y fosfatidiletanolamina, las cuales ejercen



una atraccion permanente o transitoria de moléculas catidnicas citosélicas (Figura 1) [30].
Asi mismo, mediante estudios in vitro se ha evidenciado que la disminucion del contenido
de fosfatidiletanolamina (PE), uno de los principales lipidos de la membrana interna en
células de neuroblastoma reduce la toxicidad del péptido AB amiloidogénico implicado en
la enfermedad de Alzheimer y su posible asociacion con especies oligoméricas altamente
citotoxicas [31]. La amilina humana bajo condiciones fisioldgicas es considerada un
péptido catiénico, esta caracteristica podria ser un factor en la interaccion lipidica con PS

cuya carga neta es de -1, por lo que se considera un fosfolipido aniénico [17, 19].

En este sentido, la PC no tiene una carga neta, la cual adopta la forma de zwitterion
dipolar, en cambio la PE tiene una carga parcial positiva a un pH fisiolégico. Desde un
punto de vista estructural, la PC contiene principalmente acido palmitico (16:0) o acido
estedrico (18:0) en la posicion sn-1 y primordialmente acidos grasos insaturados de 18

carbonos como el oleico, linoleico o linolénico en la posicion sn-2 [32].
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Figura 1| Distribucion de fosfolipidos y colesterol en la membrana lipidica. (A). Porcentaje constitutivo de los principales
lipidos de membrana plasmética en sus monocapas externa e interna asi como la proporcion de insaturaciones.
Fosfatidilcolina (PC), colesterol, fosfatidilserina (PS), esfingomielina (SM) fosfatidilinositol mono, di y tri fosfato (PPIs),
gangliosidos [33] (B). Imagen panoramica de una seccion de membrana. (C) y (D) Segmento de membrana externa e
interna respectivamente. Modificado de Helgi I. Ingolfsson et al (2014) Lipid Organization of the Plasma Membrane.

De forma importante, se ha descrito en estudios in vitro que las membranas
aniénicas promueven la formacion de estructuras amiloides, por lo que sistemas
altamente cargados tienen un efecto mas alto en la internalizacion de lipidos [34]. Sin
embargo, no se ha caracterizado el efecto sobre los diferentes dominios de la amilina,
donde también se conoce que las cadenas de glicosaminoglicanos del proteoglicano

heparan sulfato, tienen efectos positivos en la formacion de estructuras amiloides [35, 36].



Actualmente se conoce que las membranas de las células beta pancreaticas son
reducidas en colesterol [37] [38], en contraste se ha demostrado que los altos niveles de
colesterol pueden promover la agregacion como sucede con el péptido AR en la
enfermedad de Alzheimer [39]. Como ya se menciond anteriormente es importante
resaltar que existe una aceleracion en el proceso de amiloidogénesis, en aquellas
membranas anidnicas, como sucede con la PS la cual provee de sitios de anclaje donde
los agregados amiloides pueden iniciar el proceso de nucleacion desencadenando la
citotoxicidad y a la postre la disrupcién de la membrana plasméatica[40]. En relacién con
el colesterol y los fosfolipidos, los acidos grasos libres (FFA’s) juegan un papel importante
en la funcién de las células beta, tal es el caso de los acidos palmitico, miristico y
estedrico los cuales en exceso pueden conducir a un estado de lipotoxicidad causando la
distension del RE. En contraste a esto, cabe sefialar que los acidos grasos insaturados
(UFA’"s) como el acido oleico y palmitoléico pueden proveer de un efecto protector en las

células beta atenuando el efecto citotéxico de los primeros [5]
1.4 Cambios conformacionales dependientes de lipidos

Se ha reportado que bajo condiciones especificas, cambios conformacionales en
dominios especificos de proteinas estan asociados con la formacion de estructuras
amiloides [41]. De la misma forma, la interaccion entre especies oligoméricas en
dominios especificos de la membrana celular estd conectada con los efectos citotoxicos
[24, 41]. En este caso, el tipo y la composicion de lipidos puede ser un factor crucial en la
interface hidrofilica/hidrofébica como sitio de reconocimiento que puede modular posibles
cambios conformacionales a nivel de la estructura secundaria [23, 41, 42]. En este
sentido, se ha descrito que moléculas como el acido lisofosfatidico (LPA), un fosfolipido
derivado de la accién enzimatica de fosfolipasas extracelulares a partir de precursores
como la lisofosfatidilcolina o el acido fosfatidico (PA), promueven en la proteina modelo

B2-microglobulina la formacion in vitro de fibras amiloides [43, 44].

Actualmente un namero significativo de enfermedades causadas por la agregacion
proteica han sido descritas, tales como Alzheimer y Creutzfeld-Jakob, la diabetes tipo Il y
la encefalopatia espongiforme bovina. De estos, aproximadamente 40 enfermedades
estan asociadas con la deposicién extracelular e intracelular de péptidos y proteinas [45].
No obstante, el auto-ensamblaje de estructuras fibrilares no es una caracteristica

restrictiva de un grupo reducido de péptidos y proteinas con patrones especificos en sus



secuencias de amino&cidos o estructuras tridimensionales, ya que en los ultimos quince
afilos se ha comprobado que varias secuencias peptidicas no estdn relacionadas
Unicamente con enfermedades a pesar de su propiedad para llevar a cabo la formacion de
estructuras amiloides. Aunque también se ha encontrado la adaptacion de procesos
fisioldégicos especificos acoplados a la formacion de amiloides, por ejemplo durante la
polimerizacion de moléculas precursoras de melanina en los melanocitos [46]. La
formacion de estructuras amiloides se ha considerado una propiedad que podria ser
genérica a muchas cadenas polipeptidicas y en algunos casos directamente relacionados

con una funcion fisiologica [47].

Por varios afos, el grupo de trabajo de los autores se ha interesado en el estudio
de la relacion estructura-funcién de proteinas que participan en la union a lipidos. Por
ejemplo, de forma paralela a los cambios encontrados en la estructura secundaria de
regiones especificas de varias de estas proteinas tales como la proteina transferidora de
ésteres de colesterol (CETP) asi como su isoforma | (CETPI) [47-49], se ha propuesto la
posibilidad de que dominios especificos responden a cambios en el microambiente que
los rodea, y a través de transiciones especificas desorden-al-orden estos cambios pueden

actuar como interruptores moleculares que desencadenan la funcion [42, 50].

Debido al estudio experimental de péptidos derivados del N y C-terminal de la
amilina humana, los autores han encontrado que el dominio C-terminal esta involucrado
en la formacion de estructuras amiloides bajo un sistema lipidico basado en vesiculas
unilamelares pequefias  (SUVs) formadas a partir de lipidos que emulan los
constituyentes de membranas como son la fosfatidilcolina, fosfatidilserina,
fosfatidilglicerol, fosfatidiletanolamina y colesterol. Estos estudios se realizaron con
espectrometria del enlace peptidico a 218 nm, asi como la técnica de rojo Congo,
microscopia de epifluorescencia con tioflavina T, y dicroismo circular, asi como algunas
técnicas bioquimicas de electroforesis en geles nativos. Los resultados sugieren que los
fragmentos de amilina podrian presentar un comportamiento diferencial bajo la
interaccion con lisofosfolipidos como el acido lisofosfatidico (LPA), con respecto a algunas
secuencias amiloides de referencia como el péptido amiloide (AB). Asimismo, se pudo
determinar que la formacion de estructuras fibrilares es un evento rapido y que puede
aumentar hasta un punto méaximo en relacion a la concentracion, de tal manera que este
estudio acerca a los autores al entendimiento de los cambios conformacionales a nivel

molecular en la amilina y su interaccion con lipidos de membrana. Sin embargo hacen



falta mas estudios que ayuden a entender las posibles transiciones estructurales en la

amilina dependientes de lipidos.
1.5 Biomimética

Mediante un enfoque natural basado en la estructura, la biomimética, que es
descrita como la adaptacion de modelos inspirados en la biologia, ha provisto la base
para la produccion de nuevos sistemas de materiales en el area biomédica. De manera
gue para extrapolar el concepto de biomimética en la amilina, es necesario el
entendimiento y la estructura de las secuencias de diferentes especies [51, 52]. La
tendencia de cientos de organismos de formar agregados de amilina no ha sido
completamente analizada, de manera que el estudio de diferentes secuencias de amilina
puede proveer la base para el eventual desarrollo de secuencias mejoradas, que puedan
evitar la activacibn de mecanismos de agregacion, considerando la optimizacion de sus

propiedades estructurales [53].

A través del analisis de 240 secuencias usando multiples alineamientos, el dominio N-
terminal de la amilina humana se ha identificado como una secuencia conservada en una
amplia variedad de organismos, mientras que el C-terminal presenta homologia sélo en
algunas especies de hominidos (comunicacién personal), de hecho en la regién 18-32
residen las mayores variaciones entre especies. Basado en una amplia caracterizacion in
silico, a través de 240 secuencias de amilina, y mediante diferentes algoritmos de
prediccion de la propension a la agregacion, los autores han encontrado que las
posiciones con mayores frecuencias de variacion son la HigR en 209 secuencias, S,gP en
205, L,7Y en 140, Fusl en 135 y FxsL en 61 secuencias. Sin embargo, existen cinco
variantes que reducen drasticamente la propensién a la agregacion: V.;D, F»3R, Lx7H,
F23G y V3,G [55]. Es importante resaltar que la region 18-32 es clave para entender el
proceso de agregacion sobre el analisis de la secuencia de aminoacidos, y a través del
uso de biomimética, puede ser posible alcanzar un disefio optimizado de la secuencia de
IAPP. En esta secuencia el factor de agregacion pueda ser bajo, asi como también con

las menores modificaciones como se plantea en el presente trabajo.

Mediante el uso de este tipo de herramientas, el estudio de secuencias de novo dirigidas
al nacleo de agregacion del fragmento C-ter deben ser clave para entender los
mecanismos evolutivos que han regulado el plegamiento de IAPP, y eventualmente la

funcion diferencial entre especies.



2.0 Planteamiento del problema

Basados en estudios in sillico realizados por los autores [54], se ha determinado
gue el extremo C-terminal de la IAPP es el fragmento que presenta mayor propension a la
agregacion con lipidos de membrana como la fosfatidilcolina, la cual es considerada

como un fosfolipido con carga electrostatica neutra bajo condiciones de pH fisioldgico.

Es por ello que en el presente estudio se experimentd con algunos de los principales
lipidos de membrana como la fosfatidilcolina, el colesterol y la fosfatidilserina. Esto con el
objetivo de evaluar si el efecto electrostatico, asi como el grado de solvatacién de dichos
lipidos puedan desencadenar la formacion de estructuras beta amiloides sobre las
variantes FxR e I,sA del dominio C-terminal de IAPP El proyecto se centrd en la
caracterizacion de los dos dominios de la amilina, el amino terminal que comprende los
residuos (1-20) y el carboxilo terminal que comprende los residuos  (23-37).

Posteriormente se experimentd con las variantes Fx3R e I6A.

Dichas variantes fueron elegidas debido a un extenso estudio basado en la secuencia de
240 especies, mediante el uso de algoritmos predictores de ldminas beta analizados por
los programas Aggrescan (Na4vSS), Pasta 2.0, ademas de Zyggagregator. Las variantes
propuestas para este estudio pertenecen a las especies Carassius auratus (pez dorado)
para F;3R y Cyanaocitta cristata, Cavia porcelus, Cryptomys damarensis (urraca azul,
cobayo y topo respectivamente) para l,cA, ambas variantes localizadas en el extremo C-

terminal de la amilina.

3.0 Justificacion

Las enfermedades metabdlicas como la diabetes mellitus tipo 2 se han relacionado
con el plegamiento andémalo de proteinas, de manera que los depdésitos de agregados
amiloides pueden tener un papel critico en la disfuncion de las células B pancreaticas, por
lo tanto es importante considerar el efecto de la modulacién de lipidos como la
fosfatidilserina, que ejerecen sobre los procesos de amiloidogénesis y especificamente la
influencia del factor electrostatico sobre las interacciones lipido-proteina. Es importante
mencionar que algunos organismos, especificamente roedores, no presentan el fenébmeno
de amiloidogénesis en la amilina debido a variantes que se encuentran en el dominio C-
terminal, tales como la presencia de aminoacidos como Prolina en las posiciones 25, 28 y

29, los cuales reducen el plegamiento anémalo de proteinas. Los resultados que se



podrian generar en el presente trabajo podran servir para comprender la influencia del

factor electrostéatico en el proceso de amiloidogénesis de la amilina.

El estudio de péptidos estd siendo usado con mayor frecuencia en el desarrollo
farmacologico, considerando que sus potenciales interacciones con sus proteinas blancos
y su alta afinidad y especificidad pueden reducir los perfiles de toxicidad [55]. De manera
gue las variantes Fx3R e I6A podrian jugar una funcion importante en la proteccién de los
amiloides al reducir el factor de agregacion. El disefio de moléculas compuestas de
elementos anti-estructuras beta combinados con residuos aromaticos (por ejemplo, D-
Trp-a4cido aminoisobutirico) han surgido como estrategias prometedoras [56] para el
desarrollo de péptidos inhibidores de laminas beta en la diabetes tipo 2, que es un

ejemplo de una enfermedad en la que existe un componente amiloidogénico [57].

4.0 Hipotesis

Las variantes F»3R e I,6A del extremo C-terminal de la amilina evitaran su agregaciéon bajo
la interaccion con fosfolipidos de membrana como la fosfatidilcolina, fosfatidilserina,
fosfatidilglicerol y colesterol, modulando la formacion de estructuras beta con respecto a la

secuencia nativa.

5.0 Objetivo General

Caracterizar los cambios estructurales del dominio C-terminal nativo y las variantes F23R e
l26A, asi como su interaccion con fosfolipidos de membrana como la fosfatidilcolina,

fosfatidilserina, fosfatidilglicerol y colesterol.

6.0 Objetivos especificos

e Evaluar el efecto de la fosfatidilserina como un factor en la interaccion con
secuencias del domino C-terminal nativo y las variantes F23R e |26A.

e Evaluar el efecto de la fosfatidilcolina como un factor en la interaccion con
secuencias del dominio C-terminal nativo y las variantes F23R e I26A.

e Evaluar el efecto del colesterol como un factor en la interaccidon con secuencias
del dominio C-terminal nativo y las variantes F23R e I26A.

e Evaluar el efecto del fosfatidilglicerol como un factor en la interaccion con

secuencias del dominio C-terminal nativo y las variantes F23R e 126A.
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e Caracterizar el efecto de la modulacion lipidica en el dominio C-terminal y las
variantes F23R e l26A sobre la viabilidad celular en un modelo de células beta

pancreaticas.

7.0 Materiales y métodos
7.1 Sintesis de lipidos

1-hexanoil-2-hidroxi-sn-glicerol-3-Fosfocolina (liso-C6PC), la PS L-a-Fosfatidilserina
(Lot.840032C), la PE L-a-phosphatidil etanolamina (Lot.840032C), POPG 1-
hexadecanoil-2-(9Z-octadecenoil)-sn-glicero-3-phospho-(1'-rac-glicerol) CAS (268550-95-
4) asi como Colesterol (Lot. CH-102) (se obtuvieron de Avanti Polar Lipids (Alabaster, AL).

Las sales y buffers se obtuvieron de J.T. Baker (Center Valley, PA).

7.2 Preparaciéon de lipidos

Para la preparacion de vesiculas unilamelares pequefias (SUVs) se utiliz6 como base la
PC, vy se mezcl6o por separado con PS, colesterol y fosfatidilglicerol POPG bajo
diferentes concentraciones respectivamente. Posteriormente se secaron en cloroformo
durante 1h y media con una corriente suave de nitrégeno gas y un periodo adicional de 5
h al vacio en el equipo SpeedVac (Savant). Los lipidos PC, PS y POPG se prepararon
con una concentracion (0.6 mg/mL) después del secado, las mezclas se resuspendieron
en una solucién amortiguadora a pH 7.4, para el caso de POPG se realizaron solo 2 ciclos
de congelacion/descongelacién con nitrégeno liquido, resuspensiéon en vértex entre cada
ciclo y finalmente un proceso de sonicacion (10 minutos en ciclos de 15 segundos a 9.5-
10 watts, por 30 segundos de reposo) en el equipo Ultrasonic Homogenizer 36260 series
Cole Palmer Instruments Co. Chicago. Mientras que para la PS no fueron necesarios los
ciclos de congelacion/descongelacion, solo se realizaron 2 ciclos de sonicacion. Las
muestras se mantuvieron equilibradas por 1 h a 25°C y al final se centrifugaron a 13,000

rpm por 10 min.

7.3 Sintesis de péptidos

La primera parte se direccion6 al estudio de la estructura de IAPP, debido a que es una
secuencia peptidica corta (37 residuos). Los péptidos derivados de la region N y C-

terminal de IAPP de humano fueron sintetizados Figura 2 por la compafia (GenScript,
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E.U.A.). Durante el desarrollo experimental se usaron secuencias peptidicas con una
pureza mayor al 98 %. Asi mismo, la concentracién de los diferentes fragmentos se
determiné a través de la absorbancia del enlace peptidico a 218 nm. Los péptidos
liofilizados se disolvieron en agua ultrapura mili Q para ajustarse a una concentracion de
60 pg/mL, a partir de la cual se realizaron las diluciones requeridas, los experimentos se
realizaron en una solucién amortiguadora a pH 7.4. Todas las soluciones amortiguadoras
se usaron bajo una concentracion de 60 pug/mL para los péptidos C-ter y N-ter
filtrdndose a través de membranas con un poro de 0.22 um.
Extremo Amino Extremo Carboxilo

1 20 23 26 37
NH3*-KCNTATCATQRLANFLVHSS NN FGAILSSTNVGSNTY-CONH2 (Amilina)

FGAILSSTNVGSNTY (Nativa)
RGAILSSTNVGSNTY (Variante R)

FGAALSSTNVGSNTY (Variante A)

Figura 2| La figura representa la secuencia de aminoacidos que conforman a la amilina humana, asi como la propuesta de

las variantes del fragmento C- Terminal del residuo 23 al 37.

7.3.1 Uso de algoritmos en la agregacion peptidica

A través de plataformas como Aggrescan, PASTA y Zyaggregator basadas en algoritmos
para la prediccion de sectores con alta propension a la agregacion de proteinas, se
analizaron las secuencias de amilina de 240 especies, que permitieron elegir las variantes

gue se evaluaron en el presente estudio.

Utilizando como referencia la secuencia de amino&cidos de la amilina humana en formato
FASTA se hizo uso de la plataforma Aggrescan la cual permitié calcular y comparar el
valor promedio de cada residuo con una base de datos de 57 proteinas amiloidogénicas,
provenientes de otras especies animales con mayor y menor propension a la agregacion
sefalando los sitios con mayor tendencia a a la agregacién en rojo conocidos como “hot
spots” [58, 59].

El programa PASTA 2.0 usa la energia potencial del centro de la secuencia

proteica, para predecir la region de formacion de fibras amiloides. Esta energia se
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relaciona con un umbral estricto para la deteccién de puentes de hidrogeno. Asi también
para las estructuras secundarias e intrinsecamente desordenadas, los predictores fueron
entrenados para tomar la secuencia de aminoacidos usando BRNNs (Bi-directional
Recursive Neural Networks). PASTA tiene una base de datos que consta de 424 péptidos,
de los cuales 149 se agregan y 275 no lo hacen, ademas tiene una base de datos para
detectar regiones de proteinas, en la cual se encuentran 33 proteinas con 1260 regiones

agregativas, provenientes de la literatura [58].

Por dltimo el programa Ziggaagregator utiliza un método para predecir las
propensiones a la agregacion de proteinas amiloides, que toman diferentes factores
intrinsecos de referencia, como  algoritmos que calculan la propensién intrinseca de
agregacion de una secuencia, y estos factores son determinados de manera simultanea
usando técnicas de regresion. Ziggagragator usa una base de datos de 203 secuencias,
lo que genera una escala de propension a formar estructuras en hojas-f y a-hélices. [60,
61]

7.3.2 Espectrofotometria del enlace peptidico y rojo-Congo

A través de las mediciones de absorbancia a 218 nm en el UV lejano se evalud la
estructura secundaria de los péptidos ajustdndose a una concentracién de 60 pg/mL en
sus diferentes condiciones, siendo un parametro indicativo de la presencia de cambios
conformacionales a nivel de estructura secundaria [62]. Las mediciones se realizaron
mediante un Smart spectrophotometer de BioRad, utilizando una cubeta de cuarzo, con
un volumen de muestra de 200 pL. Todas las muestras se midieron por triplicado, los
datos fueron capturados en un sistema de cémputo utilizando el programa hyperterminal,
para después ser exportados al programa Excel y graphPad Prism para el procesamiento
de los datos. Se emplearon concentraciones conocidas de péptido registrando las
absorbancias cada 1 nm dentro de un rango de 200-240 nm, Los espectros se corrigieron

con los espectros de las soluciones control correspondientes.

Las mediciones con rojo Congo se realizaron bajo una longitud de onda de 494
nm, técnica que permite caracterizar cambios conformacionales sobre la amilina,
particularmente la formacion de estructuras de tipo 8, debido al cambio de birrefringencia.
Se utilizé6 un Smart spectrophotometer de BioRad, con una celda de cuarzo, el volumen

de muestra fue de 200 yL.Todas las muestras se midieron por triplicado, y se capturaron
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los datos utilizando el programa hyperterminal, para después ser exportados al programa

Excel y GraphPad Prism para el procesamiento de los datos.

La asociacion de rojo-Congo (RC) con estructuras amiloides bajo luz polarizada
produce una birrefringencia verde-amarilla caracteristica, y un desplazamiento tipico del

méximo de absorcién de ~ 490 nm a ~ 540 nm [63].

Para explicar los mecanismos de union de fibrillas a RC se han propuesto dos
hipotesis, la primera sugiere que las interacciones idnicas e hidréfobicas entre el
colorante y la proteina, favorecen la alineaciéon de la molécula de RC dentro de los surcos
y a lo largo del eje de la fibrilla de la estructura amiloide [64], mientras que la segunda,
postula que las moléculas de RC se orientan perpendicularmente en la direccion de la
fibrilla, intercalandose entre las cadenas B [65] [66]. De lo anterior, diversos estudios
consideran que la prueba espectroscépica por RC es una forma objetiva y confiable para

detectar fibrillas amiloides [67].

7.3.3 Caracterizacion por fluorescencia

Para confirmar la presencia de estructuras amiloides por medio de la técnica de
fluorescencia, eligiendo el fluoréforo tioflavina T (ThT). Las mediciones de fluorescencia
se realizaron a 25 °C en un fluorometro Cary Eclipse, utilizando una longitud de onda (A)
de excitacidbn a 450 nm, y un rango de emision de 460 a 610 nm. Las muestras se
prepararon a un volumen final de 220 uL, posteriormente se incubaron por 12 h a 37°C,
antes de realizar la medicion se agregé 1 yL de ThT 1 mM por cada 50 uL de muestra, y
se homogeniz6 con ayuda de agitacion, para después realizar la medicion. Todas las
muestras se midieron por triplicado; para el procesamiento de los resultados obtenidos se

exportaron a la plataforma de Excel y GraphPad Prism.

7.3.4 Espectroscopia de dicroismo circular

Los espectros de DC se registraron en un espectropolarimetro AVIV62DS (AVIV
instruments) a 25°C en un rango de 190-260 nm. Los experimentos se llevaron a cabo a
una concentracion de 120 pg/mL de péptido en una celda de cuarzo de 0.1 cm, usando un

tiempo promedio de integracion de 2.5 s, e incrementos de 1 nm. Los resultados de DC se
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reportaron en valores de elipticidad molar media (O, deg cm® dmol™) considerando la

correccion realizada con las soluciones base.
7.3.5 Microscopia Electronica de Transmision

Las concentraciones de péptido se ajustaron a 60 pg/mL en buffer de fosfatos 20
MM, a pH 7.4 se tomé 2 uL de cada péptido y se colocd en rejillas para microscopia
electronica de transmision (Formvar-Carbon de cobre 'y malla de 300); para
posteriormente ser incubadas durante 2 min a 25°C, el exceso de liquido se elimind con
papel Whatman.. Las imagenes se adquirieron usando un microscopio electrénico de
barrido de emision de campo Prime JEOL-7800F con detector de barrido electrénico de

microscopia de transmision (STEM) a 30.0 kV.

7.4 Electroforesis en geles de gradiente de poliacrilamida PAGE

La caracterizacion de las interacciones de la amilina y los fosfolipidos propuestos
en este estudio se realizaron a través de geles nativos de gradiente de poliacrilamida del-
15 %, en buffer Tris-fosfatos pH 7.4. La electroforesis se llevd a cabo durante 5ha 80V,

de acuerdo a un protocolo previamente desarrollado [68]

Esta técnica permite evaluar la posible interaccion entre los fosfolipidos y la amilina, ya
gue se realiza bajo condiciones nativas, en donde las interacciones entre biomoléculas no
se encuentran afectadas. Los geles seran tefiidos con nitrato de plata y negro de Sudan,
ésta Ultima es una tincion especifica para lipidos. De esta forma, el método permitié el
estudio de la amilina-fosfolipidos sin que se modificaran las interacciones entre dichas

biomoléculas.
7.5 Cultivo celular

Se proliferaron células de insulinoma de rata (RIN m5F ATCC) en medio RPMI
1640 suplementado con L-glutamina y Suero Fetal Bovino al 10 % (SFB). Asimismo, las
células de microglia (EOC) se mantuvieron en medio DMEM suplementado con 10% de
SFB y 20% de medio acondicionado LADMAC (producido a partir de la linea celular

LADMAC, rico en factor 1 estimulador de colonias).
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7.6 Ensayo de viabilidad celular

El MTT es un compuesto perteneciente a las sales de tetrazolio (Bromuro de 3-
(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazolio) que al reducirse a ((E,Z)-5-(4,5-dimetiltiazol-2-
i)-1,3-difenilformazano), por accién de las deshidrogenasas mitocondriales de las células
en estudio, genera un compuesto color violeta de la familia de los formazanos insoluble
en agua, el cual puede ser cuantificado por espectroscopia a 570 nm. Un aumento en la

reduccion de MTT refleja una mayor viabilidad celular.

La citotoxicidad inducida por los péptidos se evalué mediante ensayos de reduccion de
MTT en cultivos celulares, bajo diferentes tratamientos con péptidos y lipidos. Las células
se cultivaron en placas de 96 pozos ajustada a una densidad de 20,000 células/pozo y
se dejaron proliferar hasta una confluencia del 90 %. A continuacion, el medio de cultivo
se reemplaz6 con medio Opti-MEM. Después de 1 h bajo esta condicion, las células se
incubaron bajo diferentes tratamientos, y posteriormente se procesaron de acuerdo con

protocolos previos. [23].

8. Resultados y discusién
8.1 Caracterizacion de variantes mediante fluorescencia

Con la finalidad de determinar la posible formacién de estructuras amiloides,
fueron evaluadas las variantes F23R e I26A con respecto al fragmento C-ter nativo de la
IAPP, que comprende los residuos 23(FGAILSSTNVGSNTY)?’ , mediante un ensayo de
fluorescencia acoplado a ThT (Figura 3). El uso de ThT en soluciones peptidicas ha sido
un referente para el analisis de estructuras amiloides debido a su alta especificidad,
presentando una longitud de onda de emision de 510 nm en su estado libre y de 480 nm
cuando se une a estructuras de tipo beta [69], especificamente intercalandose en

regiones que contienen residuos hidrofébicos [70].
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Figura 3|Anélisis de péptidos por fluorescencia con Tioflavina T. (A). Comparativo de los espectros de emisiéon de
fluorescencia en las variantes del fragmento C-ter de la IAPP en un rango de los 470 -600 nm. (B). Sefial producida del
pico maximo de emision 482 nm por las variantes F23R e I26A con respecto al fragmento C-ter. Se presentan las medias,
con una (P < 0.05).

Como resultado de esta caracterizacion experimental se pudo determinar que la
variante F23R bajo una concentracion de 60 pg/mL y de pH 7.4 presento los valores mas
bajos de fluorescencia con un pico a 482 nm, lo cual puede estar asociados con una
menor tendencia a la formacion de estructuras de tipo-B, debido al efecto anti
amiloidogénico asociado con la carga positiva de la cadena lateral de la arginina en la
posicién 23 que probablemente ejerce un efecto de repulsion entre los fragmentos de la
variante evitando la formacion de oligbmeros. Se tiene un antecedente en el cual un
grupo de investigadores generé un andlogo de amilina IAPP sustituyendo hasta cuatro
residuos de Arginina en las posiciones 23-26 [71]. Sin embargo, en nuestra propuesta
la sustitucion de un solo aminoacido especificamente en la posicion 23 (F23R) del
fragmento C-Ter de IAPP podria reducir la formacién de estructuras beta in vitro (Figura
3A), evaluado mediante los picos maximos de fluorescencia a 482 nm. En la (Figura 3B)
se evalud la sefal producida por cada una de las variantes, siendo F23R la de menor
contenido de estructuras f. En el caso de la variante 126A contrario a lo que se esperaba,
se detectd un pico ligeramente mas elevado con respecto al dominio C-ter nativo. En el
andlisis de los parametros fisicoquimicos de la variante 126A, se encontré una ligera
similitud con el dominio C-ter de la IAPP sobre todo en los valores de hidrofobicidad y

punto isoeléctrico, esto podria explicar el pico de fluorescencia mas alto obtenido en la
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(Figura 3 A), contrastando lo anterior, cabe destacar que para I26A el valor obtenido de
Aggrescan fue de (-8.2), con una menor tendencia a generar Hot spots o sitios de

agregacion y esto a su vez sobre la formacion de fibras (Tabla 1).

Tabla 1. Parametros fisicoquimicos del dominio C-ter de IAPP y las variantes FxR e I,6A

Valor de Valor de
) Valor de ) _ | Cargaal o
Secuencia Hidropatia Hidrofobicidad pl uH
Agresscan pH7.4

kcal/mol kcal/mol
CTER | FGAILSSTNVGSNTY 6.6 0.28 0.0 0.29 5.928 0.185
F23R |[RGAILSSTNVGSNTY -5.3 -0.207 1.0 0.212 9.843 0.042
I26A [FGAALSSTNVGSNTY -8.2 0.1 0.0 0.239 5.928 0.134

8.1.1 Caracterizacién por Dicroismo Circular

Para evaluar si las variantes propuestas son propensas a generar oligdmeros o
bien estructuras beta laminares, se seleccion6 la técnica de dicroismo circular. Esta
técnica permite llevar a cabo estudios con biomoléculas organicas en solucion,
evidenciando de manera cuantitativa cambios estructurales para su funcion biologica,
basandose en la interaccion de moléculas quirales como los péptidos y proteinas bajo
una luz circularmente polarizada, la cual produce la excitacion de transiciones
electronicas predominantemente en los grupos amida en el espectro UV lejano (190-260
nm). Particularmente, la espectroscopia de DC es una técnica ampliamente utilizada para
el estudio de la estructura de proteinas, a pesar de sus limitaciones respecto a la
diversidad en estructuras beta, ya sea por su orientacion paralela o anti-paralela, por la
presencia de giros beta en el estudio de proteinas de membrana, agregados de
proteinas o fibras amiloides. [72]. Sin embargo, para el presente estudio fue una
herramienta importante en la caracterizacion de estas variantes. En la (Figura 4), se
muestran los espectros de los péptidos evaluados, que representan la estructura
secundaria. En rojo se encuentra la elipticidad molar media del C-ter como control, el cual
presentd un desplazamiento batocrémico en su pico maximo (~10 nm) de emisién de 195

a 200 nm y un minimo (~29 nm) de 217 a 224 nm, lo cual es indicativo de la formacién

de estructuras de tipo beta.
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Para el N-ter tuvo un maximo a 190 nm y dos minimos a 195 y 200 nm, sugiriendo
la presencia minima de estructuras de tipo-a-hélice (maximo a 190 y dos minimos a 208 y
222 nm), aunque la sefial de DC es baja. Mientras que para la variante F23R (curva
negra) se obtuvo un pico maximo a 190 nm y dos minimos a 202 y 219 nm, caracteristico
de estructuras alfa-helicoidales con estructuras beta, tal efecto pudo ser producido por la
diferencia en las propiedades fisicoquimicas del aminoacido fenilalanina por arginina. Por
altimo, la variante I26A presentd un comportamiento atipico en el grafico, el cual no se
ajusta a ninguna estructura secundaria, lo cual pudo deberse a un tipo de agregacion
amorfa. Considerando los resultados anteriores sobre la variante l,sA, solamente se
empleb en experimentos especificos, tomando en cuenta también que mostré problemas

en la solubilidad bajo las presentes condiciones experimentales (Figura 4).
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Figura 4| Comparacion de los distintos espectros de dicroismo circular [73] UV (190-260 nm) Para los péptidos C-ter y las

variantes F3R e I6A
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8.1.2 Caracterizacién por microscopia electrénica de transmisiéon (TEM)

Para poder visualizar la morfologia in vitro de las estructuras adoptadas por los
fragmentos C-ter, N-ter y F23R, se utilizé la técnica de Microscopia Electronica de
Transmision (TEM por sus siglas en ingles) Prime JEOL-7800F con detector de barrido
(STEM) a 30.0 kV bajo una concentracion de 6 pg/mL de péptido. Cabe sefialar que en
este analisis no se incluyo a la variante |,cA debido al comportamiento atipico presentado
por DC.

De forma importante, como un andlisis control para comprobar la naturaleza y
composicion quimica de las muestras, se sometieron a un analisis quimico cualitativo de
superficie mediante espectroscopia de dispersion de energia de rayos X (XEDS) [74], el
cual se fundamenta en la radiacion emitida por los electrones a manera de fotones que
esta directamente relacionada con el peso atomico del elemento emisor. Gracias a este
principio se pudo identificar y diferenciar aquellos elementos constitutivos presentes
tanto en la solucién buffer asi como en la muestra del péptido C-ter. Derivado del presente
analisis se encontr6 en la solucién buffer la ausencia del elemento Nitrdgeno en
contraparte de una abundancia de los elementos K, O, Ni, |, Cuy Si (Figura 5 A), lo
anterior sugiere la ausencia de materia organica. Por otra parte en la (Figura 5 B) se
muestran los resultados del andlisis del péptido C-ter, encontrandose una mayor

prevalencia de los elementos C, O y N, indicativo de materia organica.
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Figura 5. Andlisis quimico de superficie con espectrometria de dispersion de energia de rayos X [74]. En el eje de las
ordenadas se presenta el nimero de cuentas (cps /eV) contra kiloelectronvolts (keV) en el eje de las X Cada tabla muestra
el porcentaje de los elementos identificados en cada muestra . (A) Buffer fosfatos 20mM pH 7.4 (B) Muestra del fragmento
C-ter de IAPP.|

Uno de los aspectos importantes en el estudio de los péptidos fue la determinacién de su
estructura, la cual es dependiente de factores como el pH, la concentracion del péptido, la
naturaleza del medio en el que se encuentran, asi como de las propiedades
fisicoquimicas en la secuencia de los aminoacidos que los conforman. Mediante estudios
de resonancia magnética nuclear en fase sélida aplicados al analisis del péptido AB
presente en la enfermedad de Alzheimer, se ha determinado que la estabilidad de su
estructura en laminas beta-antiparalelas se debe ademas de los puentes de hidrégeno, a
la presencia de puentes salinos e interacciones polares débiles entre las cadenas
laterales [75]. Esto sugiere que la estabilizacion del hIAPP puede estar determinada por

este mismo tipo de fuerzas.
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En el presente estudio se realiz6 el analisis comparativo entre los péptidos C-ter,
N-ter y F23R mediante TEM, encontrandose que las muestras del fragmento C-Ter
Z3(FGAILSSTNVGSNTY)3? (Figuras 6 A, B), presentaron cumulos de estructuras
irregulares en forma de fibras sin un patrén definido, debido probablemente al fenémeno
de agregacion propiciado por las cargas electrostéticas y los puentes de hidrégeno entre
la secuencia de aminoacidos que conforman al C-ter. Bajo las mismas condiciones se
evalu6 como control al dominio N-ter de la IAPP, (KCNTATCATQRLANFLVHSS)??
reportado como el fragmento con menor propension a la formacién de estructuras beta
[72], el cual presenté un patron muy diferente al observado con el C-ter, al revelar una
menor tendencia a la agregacion con una morfologia no fibrilar (Figura 6 C y D). Estudios
fisicoquimicos del fragmento N-ter revelan la presencia de puentes disulfuro entre los
residuos 2 y 7 de cisteina que promueve las fuerzas de repulsion actuando como un
potencial factor que disminuye la tendencia a la agregacion [76], asi como la

estabilizacion en las estructuras.

Bajo las condiciones de trabajo utilizadas en el presente estudio, la carga neta de
+1 del fragmento F23R posiblemente fue un factor determinante al mostrar una baja
tendencia a la agregacién, como lo mostraron los diferentes campos, en donde se
encontraron escasos conglomerados con estructuras fibrilares, posiblemente debido a
una menor interaccion entre los péptidos, disminuyendo los factores que desencadenan la
formacion de estructuras fibrilares, como las interacciones 1- T, el rearreglo en los
puentes de hidrégeno, y las interacciones de apilamiento entre residuos de glutamina
(Figura6 Ey F).
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Figura 6| Imagenes representativas de fibras amiloides in vitro mediante la técnica de Microscopia Electrénica de
Transmision TEM. Comparativo de la morfologia que adoptan las fibras de los fragmentos C-Ter (A,B) N-ter (C,D) y F23R
(E,F). Las barras en negro representan una distancia de 1um (A,Cy E)y 500 nm (B,Dy F).

8.2 Efecto del ambiente lipidico en la estructura secundaria

La caracterizacién de las variantes del fragmento C-ter de la IAPP se baso en el
uso de herramientas bioquimicas que permitieran evaluar el efecto de la carga péptido-
lipido a partir de vesiculas unilamelares pequefias (SUVs) conformadas primordialmente
por PC vy diferentes concentraciones de colesterol, fosfatidilserina y fosfatidilglicerol,
respectivamente. Como parte primordial de este estudio, se evalu6 el efecto de la
fosfatidilserina, como un fosfolipido de naturaleza aniénica a un pH de 7.4 [77]. Lo que
se ha reportado como un potencial inductor de cambios estructurales que condicionan la

agregacion de estructuras amiloides [18, 19, 78].

En un inicio se analiz6 a la fosfatidilcolina, descrito como un fosfolipido
switterionico, el mas abundante en la membrana plasmatica externa [79], el cual sirvid
como base para la preparacién de SUVs. El efecto de la fosfatidilcolina (PC) sobre el
fragmento C-ter de la IAPP, asi como sobre los fragmentos F23R e I26A se evalud
mediante el uso de estudios bioquimicos a través de espectroscopia del enlace peptidico

a 218 nm y birrefringencia con rojo Congo (RC) a 494 nm [54] (Figura 8).
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8.2.1 Modulacioén de la fosfatidilcolina por espectrofotometria a 218 nm y 494
nm con Rojo de Congo

Los péptidos se preparararon a 60 pg/ml, de manera que bajo concentraciones
crecientes de PC, se determin0 que la variante F23R no tuvo un cambio significativo en su
estructura, por lo que presentaron valores de absorbancia menores ademas de una
notable separacion en los valores de birrefringencia con rojo de Congo comparado al C-
ter (figura 8A, B).

Bajo estas mismas condiciones se pudo apreciar que la variante I26A presenté una
mayor tendencia a la formacién de estructuras secundarias sobre todo a concentraciones
por encima de 60 pM de PC; contrario a lo esperado, su comportamiento fue muy
semejante al C-ter debido probablemente a su semejanza en cuanto a parametros
fisicoquimicos como el punto isoeléctrico, valor de hidrofobicidad y la carga electrostatica
(Figura 8C y D). Para sustentar los resultados anteriores se realiz6 la evaluacion por

fluorescencia con tioflavina T.
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Figura 8| Caracterizacién del enlace peptidico mediante espectrofotometria a 218 y 494 nm con Rojo Congo. A.
Caracterizacion del C-ter y F;3R con PC a 218 nm. B. Caracterizacion de C-ter y F»3R con PC por Rojo Congo C.
Caracterizacion de Cter e l26A con PC a 218 nm D. Caracterizacion de C-ter e 126A con PC y Rojo Congo.
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8.2.2 Modulacion de PC sobre las variantes por fluorometria con tioflavina T

En un estudio realizado por Cho et al 2008 con liposomas de PC en estado
zwitterionico, se reveld que no presentaba un efecto significativo en la agregacién sobre la
IAPP. Tomando como antecedente dicho estudio, se evalud si bajo concentraciones
crecientes de PC en un estado zwitteribnico se presentaria un efecto significativo sobre

cada una de las variantes. [80]

Considerando lo anterior, se encontr0 que a concentraciones mayores a 60 uM
de PC, la variante F23R no tuvo un efecto significativo hacia la generacion de estructuras
fibrilares (Figura 9 C, D), debido probablemente al caracter switterionico de la PC,
presentando los valores de emisibn mas bajos con respecto al fragmento C-ter (Figura 9
A, B), donde en este péptido fue evidente una modulacion hacia la formacion de
estructuras beta dependiente de concentracion. Por otra parte, la variante 126A presenté
cambios estructurales que se mantuvieron estables en las concentraciones de 30, 60 y
120 uM (Figura 9 E, F). Sin embargo los valores de fluorescencia fueron superiores con
respecto a los reportados para F,sR. De acuerdo a lo anterior, se puede considerar que
no existe una modulacion significativa sobre la variante F»3R en un sistema switteridénico
con PC.
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y PC en un grafico de barras. (E) Emision de ThT al interaccionar I126A bajo concentraciones crecientes de PC. (F)

Representacion en grafico de barras de la sefial emitida por ThT al interaccionar IA con PC.

8.3 Modulacion del colesterol sobre las variantes F;R e 1A por

espectrofotometriaa 218 nmy 494 nm

Para continuar con la modulacion péptido-lipido se evaluo el efecto del colesterol y
la PC con las variantes F23R e I26A. Cabe sefialar que el colesterol ha sido descrito como
un regulador de la fluidez de las membranas. Se encuentra en las balsas lipidicas, asi
como en una gran cantidad de membranas en donde establece un sitio para el andamiaje

de varios complejos proteina-lipido, ademas de su importancia en la sefializacion celular.
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Asi mismo, el colesterol podria actuar como un regulador entre la interaccion lipido-IAPP
[78, 81].

Diversos estudios han encontrado que el colesterol actia como un modulador en la
agregacion del fragmento hlAPP1-19, ya que la ausencia de colesterol provoca un mayor
desorden en la bicapa interna promoviendo la formacion de pentameros similares a
poros, mientras que en presencia de moléculas de colesterol, la bicapa lipidica se vuelve
més ordenada y rigida, de manera que algunos estudios sugieren que los agregados de

hIAPP,.;5 Se podrian situar en la interface de la bicapa lipidica-agua [82].

Junto con lo anterior se han sumado otros estudios fisicoquimicos y de cinética de
agregacion de proteinas [78] mediante los cuales se ha determinado que la asociacion
entre fosfolipidos y el colesterol en las membranas podrian modular la agregacién de la
IAPP al cambiar la energia de activacion y conducir a la transicion de IAPP de un estado
desordenado al de laminas-B, lo cual indica que los lipidos anionicos y el colesterol no
cambian el mecanismo de agregacion de IAPP, pero pueden actuar catalizandolo o
inhibiéndolo, respectivamente.Con base en lo anterior se prepararon vesiculas
unilamelares de PC:colesterol bajo una relacion molar (3:2) para evaluar su efecto sobre

las variantes F»3R e [56A.

Como resultado de este estudio, se encontrd6 que el colesterol no promovio
cambios estructurales en la variante F23R (Figura 10 A, B), en los cuales se pudo apreciar
gue, a pesar del aumento en la concentracién de las vesiculas lipidicas formadas por
colesterol no se indujo un cambio que aumentard la tendencia a la agregacion. Bajo este
sistema, el colesterol no ejercidé la formacion de interacciones hidrofébicas sobre la
variante F23R que condujeran a la formacién de ldminas beta. Mientras que la variante
l26A presenté una fuerte modulacién hacia la formacion de estructuras laminares beta,
presentando incluso valores de absorbancia y birrefringencia muy semejantes a los
obtenidos con el C-ter de la IAPP. Con base en lo anterior se observé en el andlisis a 218
nm que, a concentraciones por encima de 60 uM de colesterol se presenté un traslape
entre ambas curvas y en el analisis a 494 nm hubo un aumento considerable de la
birrefringencia a las concentraciones de 30 y 240 uM, lo cual refleja que dicha variante
es susceptible a presentar una fuerte atraccion electrostatica que podria provocar un

cambio conformacional en su estructura secundaria (Figura 10 C y D).

27



>

1.5 B
_ -~ CTER+Col ¢ 45_
z -= F23R+Col - CTER+Col
= o E 0.10- -a F23R+Col
E1o0 -
o o
g $ 0.05-
P g

c -

5 05, § 0.00
5 £
2 £ -0.054

00 5010 ; . ' . :

0 30 e 120 20 HMCol 048, o 30 e 120 240 MMCol
C

1.5 D
_ -+~ CTER+Col  0.15- CTER+Col
< - +L_0l
3 - |26A + Col
=l E 0.101 -=- 126A + Col
E 1.0- 2
= S 0.05
b 8
g § 0004
g 054
£ £ -0.054
2 £
< £ 010

0.0 — r . r . 015

0 30 60 120 240 UM Col ) 0 30 60 120 240 MM Col

Figura 10| Caracterizaciéon del C-ter, F23R e I26A bajo la incubacion de SUVs compuestas de PC + Colesterol por
espectrofotometria a 218 nm y el cambio de birrefringencia con rojo de Congo a 494 nm. (A) Efecto bajo concentraciones
crecientes de vesiculas de PC+ Colesterol bajo la incubacion con C-ter y F23R. (B) Cambio en la birrefringencia provocado
por la interaccién entre vesiculas de PC+Colesterol con Cter y F23R con rojo de Congo (C) Efecto en la absorbancia por la
interaccion entre PC+Colesterol con 126A. (D) Cambio en la birrefringencia por la interaccion entre vesiculas de PC+
Colesterol con 126A.

8.3.1 Modulacion de colesterol sobre las variantes por fluorometria

Para corroborar el fendbmeno observado en los estudios por espectrofotometria del
enlace peptidico a 218 nm y la birrefringencia a 494 nm con rojo de Congo y comprobar la
presencia de estructuras de tipo laminar, se realiz6 el andlisis por fluorometria con
tioflavina-T. Para el fragmento C-ter se determindé una tendencia a la formacién de
estructuras beta laminares dependiente de la concentracion de colesterol (Figura 11 A, B).
Por otra parte, se comprobd que a concentraciones por debajo de 360 uM de colesterol
la variante F2sR mantuvo los valores de fluorescencia mas bajos, lo cual indica que no
existié una modulacién que condujera a un cambio estructural hacia laminas-beta, (Figura
11 C, D).

En contraste a lo que se esperaba, los valores de fluorescencia obtenidos para la variante

I26A se elevaron, incuso a la concentracion mas baja de 30 pM, manteniéndose sin
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cambios significativos a las concentraciones de 60 y 120 pM, para luego a 360 pM
aumentar por encima de los obtenidos por el control C-ter de la IAPP. Los parametros
como el punto isoeléctrico, el momento hidrofobico e hidropatia presentados por la
variante |,A pueden ser factores que influyen y propician una mayor interaccion entre el

péptido, lo cual no pudo contrarrestar la presencia del colesterol (Figura 11 E, F)
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Figura. 11| Andlisis de fluorescencia con tioflavina T entre las variantes F23R e 126A sobre SUVs compuestas de PC+
Colesterol. (A) Interaccién de C-ter a diferentes concentraciones de vesiculas con PC+Colesterol. (B) Representacion de la
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emitida por Th-T al interaccionar 126A con PC+ Colesterol.
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8.4 Modulacion de PS sobrelos dominios Carboxilo y amino de IAPP

Dado que la IAPP es un péptido que en su estado nativo presenta una carga
positiva +3, se podria esperar que en un sistema aniénico como el de la PS pueda
promover su agregacion y a su vez, conducir a la formacion de estructuras fibrilares
altamente citotdxicas [17, 83]. El analisis in silico de hidrofobicidad mostré que la variante
F,3R posee una carga neta de +1 mientras que para l,¢A la carga neta fue de 0. Estudios
bioquimicos han reportado que liposomas formados por PS aumentan la tasa de
agregacion de la IAPP, lo que sugiere una fuerte interaccion electrostética y la
consecuente induccion de cambios conformacionales [18, 19]. Los sistemas anibnicos
como la PS vy el fosfatidilglicerol (POPG) proporcionan una base importante para evaluar
los cambios estructurales sobre las variantes F,3R e A, la cual se realiz6 bajo una
relaciéon 1:2 péptido-lipido (60 uM pH 7.4), incubandose a 37°C durante 12 h (Figura 12).

En una primer serie experimental, mediante la técnica de fluorometria con ThT se
analizé al IAPP por separado en los dos dominios C-ter y N-ter a una concentracion de
(60 uM) bajo concentraciones crecientes de PS. Como resultado se obtuvo que para el
extremo N-ter de IAPP hubo una menor interaccion con PS, con lecturas de emision de
fluorescencia minimos (Figura 12A). Debido a que el fragmento comprendido entre los
residuos 1 al 17 presenta un mayor numero de cargas positivas, no se ha asociado a la
formacion de estructuras beta laminares, esto debido a las restricciones
conformacionales asociadas con el puente disulfuro entre los residuos 2 y 7 del extremo
N-ter. Asi mismo, se ha estudiado que a pH bajos, el residuo Hig juega un papel
importante al protonarse y evitar la interaccibn entre la membana y el péptido,

disminuyendo la propensién a la agregacion. [84, 85]

En contraste, los residuos del 17 al 29 es donde se ha presentado una mayor
interacciébn con membranas ani6nicas como sucedié con el fragmento C-Ter, al ser
identificado como el nticleo mas amiloidogénico de la hIAPP y en presencia de PS, debido
a una mayor interaccion péptido-lipido produciendo un aumento en las estructuras
secundarias-B desde concentraciones bajas (30 M), manteniendo ese mismo

comportamiento a concentraciones altas de PS (Figura 12B).
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Figura 12| Caracterizacion de los extremos N-ter y C-ter de la amilina por efecto de la PS mediante la técnica de
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8.4.1 Modulacién de PS sobre variantes por fluorescencia con tioflavina-T

Las variantes se evaluaron bajo concentraciones crecientes de PS debido a que
se ha observado una acelerada formacion de agregados de IAPP en membranas
formadas por lipidos anionicos, valoradas por técnicas de dicroismo circular, asi como
por espectrometria de fluorescencia [18].

Los resultados obtenidos mostraron una notoria modulacion de la PS sobre los
péptidos C-ter (Figura 13 A y B), donde se aprecia un significativo aumento en los valores
de fluorescencia dependientes de la concentracipon de PS. Por otra parte, la variante
F23R presentd una considerable formacion de estructuras-beta como se muestra en la
Figura 13 C, incluso a la concentracion mas baja de 30 yM. Este comportamiento
contrasta con lo observado con PC y PC/Colesterol, donde la variante F»3sR permanecia
sin alteraciones significativas en su estructura. Algo muy similar se obtuvo en un estudio
paralelo al caracterizar a F,3R por espectrofotometria a 218nm y rojo Congo a 494 nm
(Figuras 13 E y F), presentando un notable aumento en los valores de absorbancia y
birrefringencia, sobre todo bajo las concentraciones de 120 y 180 uM, dichos resultados
confirman la alta propension de la variante Fx;R a presentar cambios conformacionales
debidos al factor carga electrostatica negativa de la PS.
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Asi mismo fue de gran importancia la caracterizacion de las variantes bajo un
sitema anionico en el cual se determind el efecto de la carga sobre la estructura
secundaria de dichos péptidos, mediante el uso de técnicas como espectroscopia a 218
nm y rojo Congo, las cuales han sido un referente para detectar estructuras beta

amiloides.
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Figura 13| Anadlisis de Fluorescencia con tioflvina T entre las variantes Fo3R y PS. (A) Interaccion de C-ter a diferentes

concentraciones de de PS. (B) Representacion de la sefial emitida por ThT entre C-ter y PC en gréfica de barras. (C)

Interaccion entre F23R bajo concentraciones crecientes de PS. (D) Sefial emitida por Tht entre Fx3R y PS en un gréfico de

barras. (E) Lecturas de absorbancia a 218 nm entre F;3R y concentraciones crecientes de PS. (F) Cambio en la

birrefringencia por espectrometria con Rojo congo entre F»3R y concentraciones crecientes de PS.
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8.4.2 Caracterizacién con PAGE de gradiente

El uso de geles de poliacrilamida de gradiente no desnaturalizante (1-15%) tefiidos
con negro de Sudan y nitrato de plata permiti6 evaluar la interaccion péptido-lipido,
encontrando una mejor resolucion a las concentraciones de 120 y 240 uM de PS. Como
se indic6 anteriormente, bajo condiciones fisiolégicas la hIAPP presenta una carga
positiva +3, sin embargo al estudiar su comportamiento en fragmentos peptidicos, su
carga neta es distinta. Por ejemplo en el caso de C-ter e IcA presentan una carga neta
(0), mientras que Fx»R presenta una carga neta de +1. Eso representa un factor

importante en la evaluacién con los geles.

Para evidenciar su comportamiento se emplearon dos tinciones, la de negro de
Sudan con una gran afinidad por estructuras de naturaleza lipidica y la de nitrato de plata
con una mayor afinidad por estructuras de naturaleza peptidica. Los resultados de la
electroforesis revelaron una evidente interaccion péptido- lipido sobre C-ter y las variantes
F23R e I,6A (Figura 14 Ay B).

Un acortamiento en el barrido de los carriles 4 y 8 de la (Figura 14 A-B) correspondiente
a la variante F23R demostré como un ambiente anidnico producto de la carga de la PS y
la carga +1 de F»3R influye notoriamente en la formacion de estructuras beta amiloides
con un mayor peso molecular que retardan el avance de dichos péptidos. Este mismo
comportamiento se presentd con C-ter y la variante l126A carriles 5y 9 de la (Figura 14 A-
B) sin embargo el acortamiento no fue tan pronunciado debido posiblemente a una menor

formacioén de estructuras beta.

Con base en lo anterior se pudo notar que existe un comportamiento muy particular
entre la variante F»3R e I,6A bajo sistemas aniénicos como el de la PS donde los valores
predictivos encontrados por Aggrescan (Na4vSS) para F23R (-5.3) e 126A (-8.20) podran
favorecer a la segunda variante l,6A, sin embargo en el contexto general de los andlisis

realizados esto no es definitivo.
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A PS (120pM) PS (240puM) B PS (120uM) PS (240uM)

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8

Figura 14 | Electroforesis de gradiente de poliacriamida (1 - 15%) bajo .una relacién molar péptido- lipido
1:2 y 1:4. (A) Efecto de PS sobre las variantes F23R e I;6A tefiidos con Negro de Sudéan. (B) Interaccion
péptido- lipido con tincion Nitrato de plata del mismo experimento. Se respeté el mismo 6rden de carga en

ambos geles, solo cambia la tincion

8.4.3 Nucleacion de las variantes con respecto al tiempo

La amiloidogénesis es un proceso que comienza con una fase de retraso conocida
como fase de latencia o lag en la que no se observa agregacion con técnicas de
microscopia, durante este tiempo se produce el proceso de asociacion inicial,
desfavorable en términos de entropia. Una vez que comienza el proceso de agregacion y
se forma un ndcleo critico, la agregacion procede rdpidamente en fibrillas de tipo amiloide
[86]. Durante este tiempo se lleva a cabo el proceso de asociacion inicial en la cual las
estructuras oligoméricas del hIAPP comienzan a establecer uniones electrostaticas entre
si para pasar a estructuras mucho méas ordenadas y de mayor peso molecular, un

proceso dependiente de la concentracidn del péptido [73].

Dado que hlAPP tiene varios residuos con carga positiva, la mayoria de los cuales

se encuentran en el dominio N-terminal del péptido, se ha propuesto que esta region
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podria estar implicada en la interaccion inicial de hIAPP con lipidos de carga negativa.
De hecho, se ha demostrado que la unién a membrana de hlAPP es més eficaz cuando
los lipidos de la bicapa estan cargados negativamente [83]. De acuerdo a lo anterior,
estudios de agregacién o nucleacién proteica de mondmeros a fibras maduras establecen

que siguen una curva de tipo sigmoidal [87, 88].

El mecanismo molecular de la agregacion de proteinas todavia no esta bien
definido debido a que la fibrilacion es un proceso altamente dinamico y heterogéneo.
Muchos de los péptidos y las proteinas que estan involucradas en las enfermedades mal
plegadas mas comunes como el caso de la hIAPP, son intrinsecamente desordenados en
sus formas monoméricas. Este proceso es controlado cinéticamente por varios factores
como la presencia de iones metalicos, asi como interacciones entre otras proteinas y

lipidos de membrana [89].

Para realizar una aproximacion al fenébmeno de nucleacion-agregacion a fibras
amiloides se someti6 al fragmento C-ter, N-ter y F»3R a un estudio en el cual se evalu6 el
cambio en la absorbancia del enlace peptidico con respecto al tiempo mediado por la PS,
las condiciones experimentales fueron (60 uM/120 uM) péptido/lipido, en un tiempo de
500 s, utilizando espectrometria a 218 nm. Bajo las condiciones anteriormente descritas,
se obtuvo que el fragmento C-ter por efecto de la PS (Figura 15 A) presentd un
incremento en los valores de absorbancia debido al cambio en su estructura produciendo
un desplazamiento de la curva hacia arriba con respecto al control C-ter y un

acortamineto de la fase lag.

Por otr parte es importante mencionar que no existié6 una modulacion de la PS sobre el
fragmento N-ter a pesar de la carga electrostatica positiva presente en su estructura, lo
que puede explicarse por la presencia del puente disulfuro presente entre los residuos 2 y
7 que podra evitar el ordenamiento e inhibe el proceso de nucleacién, lo cual puede
apreciarse en la (Figura 15 B) donde ambas curvas se encontraron solapadas al no
presentar un cambio conformacional en su estructura. En el caso de la variante Fx;;R
(Figura 15 C) present6 una curva de tipo hiperbdlica como resultado de la interaccion con
la PS, acortando la fase lag e incrementando los valores de absorbancia como

consecuencia de cambios estructurales y una rapida interaccion péptido-lipido.
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Figura 15| Prueba de nucleacion de péptidos con respecto a tiempo mediante espectrometria a 218 nm (A) Efecto de la

fosfatidilserina sobre C-ter (B) Efecto de la fosfatidiserina sobre N-Ter. C. Efecto de la fosfatidilserina sobre F23R.

8.4.4 Prueba de viabilidad celular de fosfatidilserina con las variantes de la
IAPP

Hasta ahora la caracterizacion de las variantes in vitro ha revelado una alta
propensidén a generar cambios estructurales en sistemas aniénicos, por tal motivo fue de
gran interés evaluar su comportamiento en un modelo celular que mimetizard las
condiciones celulares en las que podrian encontrarse estos péptidos. Estudios a nivel
molecular destacan que las membranas de las células B estdn conformadas de entre un
2.5 y un 13.2 % mol de lipidos aniénicos asi como de balsas lipidicas formadas por

colesterol y esfingomielina [83].

Para ello se ralizaron estudios de viabilidad midiendo la actividad metabdlica
celular mediante la técnica de MTT, un compuesto perteneciente a las sales de tetrazolio
(Bromuro de 3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazolio) que al reducirse en ((E,Z)-5-(4,5-
dimetiltiazol-2-il)-1,3-difenilformazano). Por accién de las deshidrogenasas mitocondriales
de las células en estudio, genera un compuesto color violeta de la familia de los
formazanos insoluble en agua, el cual puede ser cuantificado por espectroscopia a 570
nm. Esto quiere decir que un aumento en la reduccién de MTT refleja una mayor

viabilidad celular.

En este estudio se empled un modelo de células beta de Langerhans (RIN-m5f)

gue producen insulina de forma nativa, donde se evalu6 el efecto de la PS sobre las
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variantes para comprobar si los cambios conformacionales inducidos por el efecto de la

carga de la PS producirian un efecto citotoxico.

A su vez se eligio al péptido AR como control al tener una fuerte interaccion con lipidos
de la membrana, descrito por ser el principal componente de los depositos amiloides en

el cerebro de pacientes con enfermedad de Alzheimer; lo anterior con el objeto de

comprobar si un ambiente anionico podria influir en su agregacion [90].

Se trabajo bajo una relacion 1:2 péptido/lipido (7.5 uM y 15 uM) respectivamente. Los
resultados revelaron que la variante F23R en presencia de PS presentd un efecto
deletéreo sobre las membranas de las células RIN disminuyendo considerablemente su
viabilidad con respecto al control de F»3R, donde se aprecia una baja citotoxicidad. Por su
parte el fragmento C-ter y el péptido AB como habia sido reportado tuvieron un
comportamiento de agregacion vy toxicidad similar al IAPP [91, 92], esto revela que bajo la
incubacion con un sistema aniénico como el de la PS, la variante F23R y los péptidos C-
ter y AB son susceptibles a presentar cambios conformacionales que aumentan su

citotoxicidad en cultivos celulares (Figura 16)

% MTT Reduction

PS
- + - - -+ - - Cder
- T - F23R
- - - + - - - +  AB

Figura 16| Viabilidad celular evaluada por la prueba de MTT en células RIN-m5f bajo el estimulo de los péptidos Fo3R,
C-ter y AB mediante vesiculas de PS con una relacion 1:2, (7.5 pM péptido + 15 pM de lipido respectivamente) Los valores

de la media fueron los siguientes, (n =6, X + SD) , ****p < 0.005)
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8.4.5 Estimulo y expresién de proteinas en células RIN m5F

Los estimulos externos debido a una alta concentracion de acidos grasos como el
palmitico y oleico pueden activar mecanismos intracelulares relacionados con el estrés de

reticulo y expresion de proteinas que son clave en la homeostasis celular [5].

Por tal motivo es de gran interés investigar los mecanismos de expresion de proteinas
implicadas en los procesos de agregacion de IAPP y sus variantes. Numerosos estudios
han confirmado que la exposicion a altas concentraciones de IAPP induce defectos en la
secrecion de insulina debido a su capacidad de agregarse y formar oligobmeros
intracelulares [93, 94]. Se ha demostrado que altas concentraciones de hlAPP podrian
inhibir la actividad de los canales de calcio dependientes de voltaje CCVD, lo que conduce

a un defecto en la movilizacion de Ca*? intracelular en los islotes pancreaticos [95].

Por otra parte se ha encontrado que las fibrillas de hIAPP maduras no son citotéxicas in
vitro; sin embargo la transicion de las estructuras alfa helicoidales a laminas (3, junto con
la agregacion de novo, fue la responsable de inducir la muerte celular en cultivos de
células B. Este fenébmeno de agregaciéon puede suceder a nivel intra y extracelular y de

esta manera afectar en la viabilidad celular [96].

Para evaluar el efecto intracelular provocado por los estimulos con los respectivos
peptidos y la PS se realizé el analisis de la expresion de proteinas mediante la técnica de
western blot. De lo anterior se encontré una activacion generalizada en la expresion de

la bomba de calcio de la membrana plasmatica o PMCA de 130 kDa (Figura 16).

Recordando que las células RIN-m5F son céluas secretoras de insulina dependientes de
calcio, se podria esperar que el estimulo con los diferentes péptidos podria influir en una
disminuciéon en el flujo de calcio mediado por PMCA. De todos los estimulos, la
preparacion de PS con el péptido AB presenté una disminucion en la expresion de PMCA,
lo cual sugiere que esta condicién pudiera conducir a la muerte celular. Mientras que la
preparacion de la variante F,3R con PS tuvo solo una ligera disminucion en la expresion
de PMCA, en el caso del estimulo de C-ter con PS se presentd un aumentd en la

expresion de PMCA.

De todo lo anterior se deduce, que a pesar de la presencia de los estimulos de PS con

los péptidos, las células mantuvieron su actividad metabdlica sin una aparente
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disminucion en el intercambio de calcio intracelular, esto podria constatarse cuantificando

insulina en el medio extracelular.

C-ter F23R AP
kDa Ctrl C-ter F23R AE) PS +PS  +PS  +PS

1 30 h _ PMCA

43 - B-Actina

Figura 17| Expresion de PMCA y B- actina (control de carga) en células RIN m5f mediante Western blot.

8.5 Caracterizacion de variantes con fosfatidilglicerol (POPG)

Para corroborar los resultados anteriores y confirmar de manera experimental si el
ambiente aniénico de la PS es el factor critico que conduce a la formacion de estructuras
beta, se eligio a POPG como un sistema alterno a la fosfatidilserina, el cual pertenece a
los fosfolipidos de membrana con carga negativa [97]. Teniendo como antecedente
estudios de dindmica molecular del monémero de IAPP, se encontr6 que de manera
analoga a la PS, el caracter anionico del 1 palmitoil-2oleil-sn-glicero-3 fosfo-(1"-rac-
glicerol) o POPG pudo favorecer cambios estructurales sobre dicho péptido modulando la

estructura hacia la formacion de fibras [85].

Para ello se prepararon vesiculas de PC con POPG en una relacion 3:1,
manteniendo constante la  concentracion de los péptidos. Los resultados por
espectrometria del enlace peptidico a 218 nm, mostraron un comportamineto muy similar
al presentado con la PS. En este caso, el incremento de la absorbancia se observo a
concentraciones mayores a 30 pM de POPG, tanto para F,3R como para I6A, los cuales
presentaron cambios estructurales especificamente a las concentraciones de 60 pM y
120 pM, lo cual demuestra una modulacion dependiente de la concentracion de POPG,
donde el factor carga negativa favorece las interacciones hidrofébicas no covalentes,

entre las cadenas laterales de las variantes (Figura 18 A).

Para observar el efecto encontrado en el analisis por espectrometria a 218, se utilizaron
geles de gradiente de poliacriamida con negro de Sudan (Figura 18 B), eligiéndose las

concentraciones de 60 y 120 uM de POPG mediante las cuales se presenté un evidente
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acortamiento en los barridos, especificamente en C-ter. Este fendmeno posiblemente
esta relacionado con la formacion de estructuras secundarias de mayor peso molecular,

siendo mucho més evidente a la concentracion de 120 pM.

(60pM) (120uM)
+ - - - + - - Cter
- + - - - + - F3R
- - + - - - + l26A

1.5+
-+ POPG + CTER

-& POPG+F23R

-~ POPG + [26A
1.0 !

0.5

Absorbance 218 nm (U.A)

Wit——7—T—"—"
0 30 60 120 240 360 480 pMPOPG

Figura 18| Caracterizacion de variantes con fosfatidil glicerol POPG por espectrometria a 218 nm . (A) Efecto de
POPG con C-ter, Fx3R e I6A. (B) PAGE de gradiente 1-15% tincion negro de Sudan evaluacion del comportamiento de las
variantes Fx3R e lsA a 60 y 120 uM

Tomando como precedente el resultado anterior y para visualizar mejor la interacciéon
péptido-lipido se decidi6 ampliar el panel de concentraciones de PC- POPG basandonos
en la concentracion de 60 uM la cual corresponde a la relacion 1:2 péptido-lipido donde
observamos la transicion estructural de los péptidos, (Figura 18 A), decidimos evaluar de
una manera mas precisa la concentracion critica a la cual se presentaban dichos cambios.
Para evaluar el fendbmeno de la concentracion-carga se prepararon SUVs bajo diferente
relacion de PC:POPG (Figura 19 A). Los cambios en la absorbancia 218 nm fueron muy
evidentes desde las concentraciones mas bajas confirmaron que el ambiente aniénico de
POPG sobre la variante I26A propocié cambios estructurales a partir de la relacion
75:25, al presentar un comportamiento muy semejante a C-ter, por su parte la variante

F23R tambien presenté cambios estructurales, a partir de la relacion 25:75.
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Figura 19 |Caracterizacién de péptidos de POPG por espectrometria a 218 nm. (A) Efecto bajo diferentes
concentraciones de POPG sobre C-ter, F23R, I26A. (B) PAGE de gradiente 1%-15% tincién negro de Sudan,
analisis del comportamiento de las variantes F23R e I26A a 60y 120 uM.

Para constatar el efecto de POPG observado en la espectroscopia sobre las variantes, se
realizaron los respectivos geles de gradiente de poliacrilamida con tincion de Negro de
Sudan (Figura 19 B), selecciondndose las condiciones (25:75 PC:POPG y 0:100
PC:POPG), mediante las cuales se pudo observar tanto en I26A como en F23R un
mayor acortamiento en el barrido del lipido con respecto al control de POPG, debido a

una posible formacién de estructuras amiloides de mayor peso molecular.

8.5.1 Caracterizacion de POPG por fluorescencia con tioflavina T

La interaccion entre POPG con péptidos, ha sido evaluada anteriormente mediante
dindmica molecular, estos estudios revelaron que las fuerzas electrostaticas de Van Der
Waals, juegan un papel predominante para propiciar la interaccion péptido-membrana en
funcién del pH. A su vez, se ha demostrado que los puentes de hidrégeno establecen
interacciones entre las cabezas de fosfolipidos, especificamente entre los grupos éster
de POPG con los residuos Nz, Sas, N3s € Y37 de la IAPP [98]. Para evaluar los cambios
estructurales influenciados por el sistema anidénico de POPG sobre las variantes FxR e
l,6A se realizd la caracterizacion por fluorescencia con tioflavina T, bajo la relacion 1:2
péptido-lipido. Los resultados mostraron una fuerte modulacion de POPG sobre el C-Ter
apartir de la relacion 75:25, incrementando considerablemente los valores de

fluorescencia (Figura 20 A). Como puede verse en el gréfico de barras, la presencia de
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estructuras beta por accion de POPG mantuvo una sefial de fluorescencia elevada
(Figura 20B). Por su parte, la variante F,3R mantuvo los valores de fluorescencia mas
bajos (Figura 20 C) hasta la relacion 50:50 donde el factor carga comenzé a provocar un
efecto en su estructura, incrementando los valores de fluorescencia conforme
aumentaba la concentracion de POPG, como puede apreciarse en la (Figura 20 D). Cabe
destacar cémo la variante 126A sigui6 teniendo el mismo comportamiento que se habia
visto en los estudios anteriores al mostrar una mayor propension a formar estructuras
beta en un ambiente anionico manteniendo los valores de fluorescencia mas altos,
incluso con un comportamiento muy similar al de C-ter, lo cual puede deberse a una

similitud con su punto isoeléctrico (Figura 20 Ey F).
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Figura 20| Andlisis de Fluorescencia con tioflvina T entre C-ter y las variantes F3R e IogA y POPG. (A) Interaccion de C-
ter a diferentes concentraciones de vesiculas con POPG. (B) Representacion de la sefial emitida por Tht entre C-ter y
POPG en grafica de barras. (C) Interaccion entre Fo3R bajo concentraciones crecientes de POPG.(D) Sefial emitida por
Tht entre Fo3R y POPG en un gréfico de barras. (E) Emision de Tht al interaccionar I26A bajo concentraciones crecientes

de POPG. (F) Representacion en gréafico de barras de la sefial emitida por Tht al interaccionar 126A con POPG.
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8.5.2 Prueba de viabilidad celular de POPG con las variantes de la IAPP

De la misma manera que se realizé con la PS, se llevo a cabo la caracterizacion
en un modelo celular de insulinoma de rata (RIN m5F) de la ATCC, manteniendo una
relacion 1:2 péptido-lipido a pH 7.4, evaluando el efecto citotoxico de las variantes en
presencia de POPG (Figura 21). Como parte de los resultados se encontré que todos los
péptidos disminuyeron la viabilididad celular en presencia de POPG, a pesar de que ésta

por si misma no tiene efectos citotoxicos.

En este ensayo, POPG tuvo un efecto modulador sobre las variantes F»3R asi como con
l,éA, cuyo cambio estructural derivd en especies citotoxicas que  disminuyeron
significativamente la viabilidad celular al igual como se venia observando en los ensayos
con PS. En el caso de FxR este comportamiento pudo deberse a que dicho péptido
posee una carga positva a pH de 7.4 que contribuyé a cambios estructurales, sin
embargo bajo este mismo criterio la variante l,cA posee una carga neta de 0 y un punto

isoeléctrico semejante a C-ter lo cual pudo influir en una mayor interaccién con POPG.

Por su parte, el estimulo con el péptido Ap presentd una significativa disminucion
en la viabilidad celular, sin embargo no lo fue en comparacién con las variantes, esto
sugiere que las diferencias en la secuencia de sus residuos de aminoacidos son un factor
importante que determina la interaccion con los lipidos de membrana, por lo que en este
caso particular POPG no ejercié el mismo efecto sobre el péptido AB. De acuerdo a lo
anterior, se observé que un sistema switterionico-anionico formado por POPG, puede
inducir cambios estructurales sobre aquellos péptidos, induciendo una disminucion en la

viabilidad celular.
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Figura 21 | Viabilidad celular evaluada por la prueba de MTT en células RIN-m5f bajo el estimulo de los péptidos F»3R,

oA, C-tery Ap mediante vesiculas de POPG con una relacién 1:2, (7.5 uM péptido + 15 uM de lipido respectivamente)

Los valores de la media fueron los siguientes, (n =6, X + SD) *p <0.001, ****p < 0.005)

9.0 Conclusiones

En el presente estudio se demostré de manera experimental la modulacion ejercida por
los principales lipidos de la membrana plasmatica sobre las variantes F;R e 1A del
dominio C-terminal de la IAPP, partiendo del analisis in silico mediante la utilizacion de
plataformas especializadas basadas en algoritmos como Aggrescan, PASTA vy
Zyaggregator, asi como su eleccion a partir de sus caracteristicas fisicoquimicas como

potenciales inhibidores del proceso de amiloidogenesis.

A pesar de que los resultados obtenidos in silico al seleccionar dichas variantes por el
programa de Aggrescan fueron muy favorables para F,3R e I6A, en los ensayos in vitro y
en modelos celulares tuvieron un comportamiento muy distinto al esperado, siendo Fx3R
de manera general el que presentd una menor propension a la formacién de estructuras

de tipo beta.

Se observo que el comportamiento entre ambas variantes fué distinto desde el momento

de su preparacion y estandarizacion debido a sus caracteristicas fisicoquimicas.

Considerando los ensayos in vitro y el uso de los picos de emision a 480 nm por
fluorescencia con tioflavina T, se logré demostrar que la variante I,cA con un espectro de
emision de fluorescencia de 859 mantuvo una tendencia a la formacion de estructuras

beta incluso superando los 653.5 de fluorescencia del fragmento C-terminal . Por su parte
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la variante F3sR  mantuvo una menor propension a generar fibras amiloides con una
fluorescencia de 291.3 lo que representa tan solo un 44.5% de estructuras beta respecto
al fragmento C-ter. En este caso, los andlisis por microscopia de transmision electronica
fueron importantes para destacar las diferencias estructurales entre C-ter, N-ter y F»3R in

vitro.

La fosfatidilcolina no indujo cambios estructurales en la variante FyR al presentar una
baja tendencia a la agregacién. Sin embargo, la variante I,6A demostré una mayor
tendencia a la formacion de estructuras amiloides dependiente de la concentracion del
lipido. En este sentido, el colesterol no presentd una significativa modulacion sobre la
variante F»R, sin embargo persistié la formacion de estructuras secundarias en la

variante lygA.

De forma importante, el analisis con PS revel6 una modulacion significativa sobre las
variantes F3R e I6A asi como el fragmento C-terminal de IAPP, esto con base en los
resultados obtenidos por tioflavina T , rojo Congo y espectrofotometria del enalce
peptidico a 218nm, donde se confirmé que el ambiente anionico es un factor crucial que
indujo cambios estructurales favoreciendo su agregacion. Asi mismo, es importante
mencionar que bajo estas mismas condiciones, el dominio N-ter no presento el
fendmeno de amiloidogénesis debido a sus caracteristicas fisicoquimicas. Las pruebas
con POPG ayudaron a corroborar lo observado con la PS, debido a que se encontro el

mismo comportamiento.

Debido a que la IAPP es un péptido que se sintetiza en las células beta pancreaticas, se
eligié un modelo de células de insulinoma de rata RIN-5mF que nos permitié determinar,
que el efecto de la carga electrostatica negativa presente en la PS y POPG ejercié un
cambio estructural importante, el cual condujo a la formacién de especies citotéxicas que

disminuyeron significativamente la viabilidad celular.
10. PERSPECTIVAS

Para complementar vy reforzar las propiedades anti amiloidogénicas de las variantes en
estudio se recomendaria realizar pruebas mediante la técnica de resonancia de
plasmones de superficie o SPR, la cual permitiria identificar en tiempo real las
interacciones moleculares entre el péptido en estudio, bajo un modelo de membrana,

evidenciando la forma y disposicion de los agregados.
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12. Anexos

En un modelo de células hepaticas de rata C9 (clona 9, CTRL-1439 de la ATCC), se
realizaron pruebas de reduccion de MTT para los cuales la variante F;3R no mostro
efectos citotoxicos de forma individual, sin embargo al evaluar el efecto de C-ter, éste no
logré atenuar el dafio celular provocando una disminucion de la viabilidad hasta un 90%.
Asi mismo en el estudio de expresion de proteinas por western blot se descubrié que
tanto la variante F3R como C-ter tuvieron un importante impacto en la regulacion del
metabolismo del colesterol, al incrementar la expresion del receptor de union a esterol
SREBP-2 asi como del transportador ABCAl y LDLR lo cual no habia sido reportado
anteriormente (Figura 22), se encontraba expresado notablemente tanto con C-ter como

con F,3R en las células C9.
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Figura 22| : Analisis de reduccion de MTT y expresion de proteinas en un modelo de hepatocitos C9 mediante Wester blot (A)
prueba de viabilidad mediante estimulo con C-ter y la variante F23R (B) Activacion de la via de ATF-6a C. Expresion de proteinas
clave en la regulacion de colesterol.

Derivado del trabajo realizado dentro del posgrado se publicaron los siguientes articulos
en la revistas Frontiers in Endocrinology ademas de un Review en el International
Journal of Molecular Science, los cuales anexo a continuacion:
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The islet amyloid polypeptide (IAPP) or amylin maintains a key role in metabolism. This
37-residues-peptide could form pancreatic amyloids, which are a characteristic feature
of diabetes mellitus type 2. However, some species do not form amyloid fibril structures.
By employing a biomimetic approach, we generated an extensive panel of optimized
sequences of IAPP, which could drastically reduce aggregation propensity. A structural
and cellular characterization analysis was performed on the C-terminal domain with the
highest aggregation propensity. This allowed the observation of an aggregative phenom-
enon dependent of the lipid environment. Evaluation of the new F»sR variant demonstrated
inhibition of B-sheet structure and, therefore, amyloid formation on the native C-terminal,
phenomenon that was associated with functional optimization in calcium and cholesterol
management coupled with the optimization of insulin secretion by beta cells. When F2sR
variant was evaluated in microglia cells, a model of amyloidosis, cytotoxic conditions
were not registered. In addition, it was found that C-terminal sequences of IAPP could
modulate cholesterol metabolism in hepatocytes through regulation of SREBP-2, apoA-
1, ABCA1, and LDLR, mechanism that may represent a new function of IAPP on the
metabolism of cholesterol, increasing the LDL endocytosis in hepatocytes. Optimized
sequences with only one residue modification in the C-terminal core aggregation could
diminish B-sheet formation and represent a novel strategy adaptable to other pharmaco-
logical targets. Our data suggest a new IAPP function associated with rearrangements
on metabolism of cholesterol in hepatocytes.

Keywords: IAPP, amyloids, cholesterol, hepatocytes, metabolism, diabetes mellitus type 2, biomimetics, insulin

INTRODUCTION

Exacerbated perturbation of protein homeostasis (proteostasis) could lead to a phenomenon consid-
ered as protein metastasis (1, 2). Initial events of misfolding and amyloid aggregation trigger a cascade
of pathological processes that could mark the progression of chronic-degenerative diseases (3, 4), in
association with conditions of metabolic overload due to the excess of nutrients. These conditions are
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important in diseases such as diabetes mellitus type 2 (DM2), a
pathological condition associated with reduced quality of insulin
synthesis, impaired insulin sensitivity in peripheral tissues, and
the presence of amyloid-like fibrils composed of human amylin
(hIAPP) that affect p-cell function.

hIAPP is a peptide hormone of 37 residues that slows down
gastric emptying, participates in the homeostatic regulation of
glucose, and functions as a glucagon-release inhibitor and a
sensitizer of leptin function (5, 6). In addition, data generated by
our group suggest a regulatory function of IAPP in hepatic cho-
lesterol metabolism. hIAPP is a monomeric peptide processed in
the Golgi apparatus and co-secreted with insulin in response to
B-cell secretagogues (7). Amyloid aggregation of hIAPP triggers
an amplified toxicity response that can lead to failure of pancreatic
B-cells. In this case, extracellular hJAPP amyloids could induce
endoplasmic reticulum (ER) stress. In the lumen, ER stress is
detected by IRE1, PERK, and ATF6q, a tripartite signaling system
denominated the unfolded protein response (UPR). The UPR
regulates gene expression to resolve the ER stress and maintain
proteostasis by the signaling of ER-nucleus cascades through fac-
tors such as N-ATF6a, XBP1s, and CHOP (8). The overactivation
of the UPR can promote p-cell dysfunction (9).

Different variants are involved in alterations of amyloid
structures in vivo. For instance, the S,G mutation has been found
in Asian populations and associated with early cases of DM2
accelerating the formation of amyloid structures (10, 11). Also
several variants have been reported in Maori populations of New
Zealand (12). Moreover, rat IAPP (rIAPP) shows a diminished
trend to produce amyloid fibrils, the differences among human
and rat sequences are six residues (HisR, FasL, AysP, IV, SasP, and
S2P), all located in segments 18-29 (13). Several reports suggest
that the 23-37 domain may be key in the structural transitions
that trigger the formation of amyloid fibrils (13, 14).

A nature-based approach, i.e., biomimetics associated with the
adaptation of models inspired by biology, has been the basis for
the generation of new systems or materials (15). The tendency to
form IAPP-amyloid structures of hundreds of organisms has not
been completely analyzed. A characterization of IAPP sequences
could provide the basis for a better understanding of the aggrega-
tion phenomenon and the cellular response mechanisms to IAPP.
Therefore, the development of improved sequences might serve
as a source for optimized pharmacological treatments that may
reduce the formation of p-sheet structures.

MATERIALS AND METHODS

Analysis of Sequences

Employing the term islet amyloid polypeptide (IAPP) in the
searching protein database of the NCBI, 314 sequences were
found, which correspond to 284 eukaryotes and another 30
associated sequences (16). In this approach and through different
filters, we considered only 240 of the 284 that integrate the char-
acterized, predicted, and partial sequences. Using several special-
ized platforms, algorithms-predictors of beta-sheet aggregation
and amyloid fibril formation, we described the correlation that
presents hIAPP sequence with respect to the other organisms.

Physicochemical Parameters

Physicochemical analysis of IAPP sequences was performed,
included hydrophobic moment (pH), net electrostatic charge,
average hydrophobicity, theoretical average rate of aggregation,
isoelectric point (pI), and patterns including residues promoting
membrane interactions, which have been described modulate
phenomena such as self-assembling and misfolded aggregation
(17, 18). Additionally, the management of IAPP fragments
through the N-domain 'KCNTATCATQRLANFLV"” and C-domain
"VHSSNNFGAILSSTNVGSNTY? was performed.

Characterization of Aggregation
Propensity

We employed several algorithms that enable the identification
of regions with a high intrinsic propensity to aggregation. IAPP
sequences were characterized through multiple alignments by the
use of specialized platforms such as Aggrescan (19), PASTA 2.0
(20), and Zyaggregator (21, 22).

Phylogenetic Tree Construction

Sequence similarity search was realized with the method
“Basic Local Alignment Search Tool protein” (BLASTp), which
performs protein-protein sequence comparison and employ
heuristic model (20, 23). In addition, other strategies were used to
reconstruct the phylogenetic tree as the NJ method and ClustalX
software (24, 25).

Sequences Designed De Novo

Based on network analysis, different residues among species were
replaced on the sequence of IAPP. Then, the effect of substitu-
tion was characterized through physicochemical and aggregative
parameters. Aggregation propensity range was obtained by con-
sider the aggregation value of hIAPP as a reference, this based in
Aggrescan values (Na4vSS).

Materials

Cell culture reagents were purchased from Gibco-Invitrogen, while
tissue culture plates and other plastic materials were obtained from
Corning. Salts and buffers were obtained from Sigma-Aldrich, as
well as thioflavin T (ThT), black Sudan B, Congo-red, SDS, [3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide]
tetrazolium (MTT), tunicamycin (Tum), and lipopolysaccha-
rides O111:B4 (LPS). L-a-phosphatidylcholine (PC), 1-oleoyl-
2-hydroxy-sn-glycero-3-phosphate (LPA) were obtained from
Avanti Polar Lipids.

Peptide Synthesis and Preparation

Several peptides were synthesized (GenScript) considering the
amino acid sequence of IAPP and physicochemical properties.
Specifically, the following sequences were characterized:
'KCNTATCATQRLANFLVHSS® (N-terminal native); *FGAILS
STNVGSNTY? (C-terminal native), a region described with a
high tendency to aggregation, and *RGAILSSTNVGSNTY¥
(F23R variant). The best condition for peptide solubilization was
ultrapure H,O (0.6 mg/mL), subsequently diluted to phosphate
buffer pH 7.2 (0.06 mg/mL). Peptide purity greater than 98% was
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confirmed by mass spectrometry and HPLC analysis (GenScript).
Likewise, the aggregative core of amyloid beta (Af) was used
as a control ®*GSNKGAIIGLM™*. All solutions were filtered by
membranes with a pore size of 0.22 pm.

Lipid Vesicles

The lipid effect on peptide structure was performed using
ThT-fluorescence, peptide bond spectroscopy, and biochemical
techniques. Lipids were mixed in chloroform and dried for 1 h
under a gentle stream of N, with an additional incubation of
5 h at 30°C in a Speed Vac concentrator, according to protocols
established by our working group (4). After drying, lipids were
resuspended in a phosphate buffer and subsequently sonicated
with four cycles of 10 min (15 s on/30 s off pulses) in an ice bath
under a N, flow. Samples were incubated 2 h at room temperature
and then centrifuged for 10 min at 13,000 rpm. Solution of small
unilamellar vesicles obtained was kept at 4°C until use, previously
characterized by transmission electron microscopy (18).

Peptide-Bond Conformational Changes
Experimentation was performed through characterization of
absorbance at 218 nm, associated with changes in the conforma-
tion of the peptide-bond, a parameter of conformational changes
in the formation of beta-sheet structures (4, 18). Measurements
were obtained using a BioRad Smart spectrophotometer with
diode array.

Congo-Red Birefringence Spectroscopy
Assays were performed based on the protocol of Ref. (26) and
adapted by our group in several papers. Employing 10.6 uM of
Congo-red and 60 pg/mL of peptides under the different condi-
tions evaluated, the optical density was measured every 2 nm
from 400 to 700 nm.

ThT Fluorescence

Beta-sheet structures in peptides were characterized with ThT
fluorescence assay. Fluorescence emission spectra were registered
at 25°C from 460 to 610 nm with an excitation wavelength of
450 nm in a Cary Eclipse Fluorescence spectrophotometer.

Circular Dichroism (CD)

Circular dichroism spectra were recorded with an AVIV 62DS
spectropolarimeter (AVIV Instruments) at 25°C employing far
UV wavelengths (190-260 nm). Experiments were conducted
at a peptide concentration of 120 pg/mL in a 1 mm quartz path
length cuvette using AVIV software. Spectra were recorded with
a 1 mm bandwidth, using 1 nm increments and 2.5 s accumula-
tion time. CD results were reported as mean molar ellipticity
(deg cm? dmol™).

Electronic Microscopy Experimentation

Peptide samples incubated under the different conditions tested
(2 pL) were deposited on Formvar-Carbon TEM grids, copper
300 mesh; and after incubation for 2 min at 25°C, excess liquid
was removed with Whatman paper. Peptide concentrations
were adjusted to 60 ug/mL in 20 uM phosphates buffer pH 7.4.
Images were acquired using a JEOL-7800F Prime Field Emission

Scanning electron microscopy with scanning transmission elec-
tron microcopy detector at 30.0 kV.

Lipid-Peptide Interactions

Lipid/peptide samples were analyzed on non-denaturing elec-
trophoresis, technique adapted by our group in lipid—peptide
characterization (27). We established a new methodology through
the use of 0.8-15% native gradient gel electrophoresis. Later,
gradient gels were stained with Sudan-black and silver protocols,
according to previous work (28).

Cell Culture

RIN-m5F beta cells (Langerhans islets, ATCC) were cultured in
RPMI 1640 medium supplemented with L-glutamine and 10%
fetal bovine serum (FBS). Likewise, microglia cells (EOC) were
maintained in DMEM medium supplemented with 10% FBS and
20% LADMAC conditioned media (produced from the LADMAC
cell line, rich in growth factor colony stimulating factor 1). In a
complementary way, we used hepatocytes (C9 cells) in DMEM
medium with FBS 10%. Penicillin (50 U/mL) and streptomycin
(50 g/mL) were added to the media.

Cell Viability Assay

Peptide cytotoxicity was assessed by MT'T reduction assays in cell
cultures, under different peptide and lipid—peptide treatments.
Cells were seeded into 96-well plates at a density of 20,000 cells/
well and allowed to grow to 90% of confluence. Next, culture
medium was replaced with Opti-MEM medium. After 1 h under
this condition, cells were incubated under the different treatments,
and subsequently processed according to previous protocols (4).

Preparation of Lipopolysaccharides (LPS)

LPS O111:B4 were diluted in ultrapure H,O at a concentration of
1 X 10° ng/mL sonicated for 10 min, filtered by 0.22 um, and sub-
sequently diluted in culture medium at different concentrations.

Preparation of Fatty Acids (FA)

Palmitic acid (PA) and oleic acid (OA) were prepared in an
ethanol/H,O solution (1:1; vol:vol) at 60°C to reach a final con-
centration of 75 mM. Subsequently, PA and OA were incubated
with free fatty acid-bovine serum albumin (BSA) for 2 h at 37°C,
filtered by 0.22 um, and then diluted in culture medium under
different concentrations with a final molar ratio of 4:1 (FA/BSA),
before adding the treatment to the culture plates.

Western Blot

For the evaluation of cholesterol metabolism and UPR pathway,
cell cultures were maintained in proliferation until 90% of conflu-
ence, then, cells were incubated under different treatments for
16 and 24 h. Cells were washed with PBS and lysed for 35 min
at 4°C with protein buffer lysis supplemented with protease and
phosphatase inhibitors. Further to centrifugation at 8,500 rpm for
8 min, the supernatant was recovered and the protein quantifi-
cation was carried out using the bicinchoninic acid procedure.
Samples (20 pg/lane) from the total protein fraction were ana-
lyzed by SDS-PAGE on 10% gels, further transferred to PVDF
membranes (Millipore). Membranes were incubated 1 h at 37°C
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in a solution containing TBS, 0.1% tween-20, and 5% non-fat
milk (blocking solution). For protein detection, the following
primary antibodies were used: anti-PMCA-ATPase, anti-CHOP,
anti-IL-6, anti-LDLR, anti-SREBP2, anti-ABCA1, anti-apoAl,
anti-N-ATF6a, anti-XBPIs, and anti f-actin as a loading control.
Blocked membranes were incubated with the primary antibod-
ies overnight at 4°C. After washing, horseradish peroxidase
(HRP)-conjugated secondary antibodies were incubated with the
membrane for 1 h at 37°C in blocking solution. The secondary
antibodies used were: donkey anti-goat IgG, goat anti-rabbit IgG,
and goat anti-mouse IgG. Later, membranes were washed with
TBS/0.1% tween and HRP activity detected with the Immobilon
Western kit (Millipore).

Determination of Insulin

Supernatant media of RIN-m5F cells under different treat-
ments were recovered and then centrifuged at 5,000 rpm
for 2 min. Recovered supernatants were diluted with PBS.
Subsequently, employing the ALPCO insulin quantification kit
(80-INSHUU-EO1) with a sensitivity of 0.002 ng/mL, the insulin
determination was performed as specified by manufacturer.

LDL Fraction

Human plasma sample was obtained from a healthy donor in the
Facultad de Medicina Mexicali, which signed an informed con-
sent. All protocols were performed according to the Declaration
of Helsinki. To isolate LDL, plasma density was adjusted to
a 1.019-1.063 g/mL by adding KBr and then centrifuged at
360,000 g for 8 h at 4°C. The layer containing VLDL and IDL
was discarded. LDL fraction was recovered and dialyzed in
150 mM NaCl solution, filtered through 0.45 pm, and main-
tained under a nitrogen atmosphere at 4°C to reduce oxidation.
Native LDL concentration was measured with the bicinchoninic
acid method. Labeling of LDL with 1,1’-dioctadecyl-3,3,3'3'-
tetramethylindocarbocyanine-perchlorate (DilC18) (Molecular
Probes) was performed by incubation of probe 15 pg for 1 mg of
LDL-protein, 8 h at 25°C (dil-LDL). Then, solution was adjusted
to a density solution of 1.053 g/mL and centrifuged 90,000 rpm
for 3 h. The dil-LDL fraction was recovered and dialyzed to PBS.
Protein determination was performed and dil-LDL was employed
in hepatocyte experimentation (29).

Cell Cytometer Assays

Prior to the internalization experiments, hepatocyte cultures at
90% confluence were incubated in FBS-free medium. After 1 h of
fasting, cells were treated with different fragments of IAPP, then,
cells were incubated with dil-LDL (3 pg/mL) for 24 h. Cellular
characterization was performed in a Beckman-Coulter cytom-
eter, 20,000 events were registered. To measure fluorescence of
dil-LDL fluorescence, a PC5.5-a filter was employed.

RESULTS

Importance of Regions 17-31 in IAPP

Sequences
A panel of 240 IAPP sequences was selected according to the
criteria described in Section “Materials and Methods,” the most

important groups were distributed by class such as mammalia
(97 sequences), aves (103), actinopterygii (25), and sauropsida
(12). Specifically, aves class was distributed more evenly among
36 different orders, followed by mammalia composed of two
main groups, primates and rodentia (Table S1in Supplementary
Material). Alignments in 240 IAPP sequences suggests that the
N-terminal domain (1-17 residues) was conserved in almost
all sequences, showing minimal changes (Figure 1A), highly
conserved residues were C, L1, and L. However, some posi-
tions showed the highest number of variants among species
such as residue Sy, with 211 sequences, His with 209, F,; with
206, and As with 168 (Table 1). The regions 17-31 concentrated
74% of total variants (1,187 of 1,640), showing the greatest
degree of variability. Employing the bioinformatics platform
BLASTp, a high correlation was found among 49 sequences
aligned in the N-terminal (residues 1-17 of hIAPP) with at
least 88% of identity, compared to the C-domain (residues
23-37), which was only found in 11 sequences with 90% of
identity, corresponding to primates. Additionally, based on
phylogenetic tree analysis and multiple alignments among
N- and C-domains in 240 sequences, the N-domain was
conserved among a wide variety of organisms. On the other
hand, C-domain was restricted to phylogenetically close
groups (Figure S1 in Supplementary Material). The C-terminal
domain of hIAPP could show major structural modifications
and possibly a domain where conformational changes trigger
beta-sheet formation. Specifically, regions 23-31 represent
the site where protein frustration takes place, indicating that
it could be the key for the binding of ligands (30, 31). Thus,
residue modifications in this region could reduce protein frus-
tration, originating a stable core of protein folding and slowing
down interactions among monomers.

Characterization of the Propensity to

Amyloid Fibril Formation
Analysis of hydropathy values regarding the aggregation pro-
pensity index obtained with the Aggrescan algorithm (Na4vSS
value) identified a correlation among the values of these variables
(Pearson 0.82) (Figure 1B). This correlation was not displayed
when values of parameters such as pH, average hydrophobicity, or
isoelectric point, were evaluated. Based on the Aggrescan values,
sequences such as Sorex araneus (—15.7 Na4vSS), Bos mutus
(=15.2), Bison bison (—15.2), Odobenus rosmarus (—14.1), and
Ovis aries (—13.7) showed the lowest aggregation values (Table
S2 in Supplementary Material). The analysis of 240 sequences
showed 61 with low aggregation propensity and 173 with a higher
trend compared to hIAPP. Indeed, hIAPP is situated in a midpoint
among sequences (Figure 1C). With the use of algorithms such
as PASTA 2.0 and Zyggagregator, similar results were obtained.
Importantly, through the evaluation of sequences, we found 113
different residue variants in comparison to hIAPP (Table 1). In
regions 17-31 of IAPP, 60% of the substitutions were concentrated,
and the replacement of each of the 113 variants in their respective
position on the hIAPP sequence was characterized (Figure 2A).
Using as a reference the value of hIAPP (-5.6), 43% of
sequences decreased the tendency to aggregate, which could
modify the nucleation phenomenon in IAPP monomers.
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FIGURE 1 | Analysis of primary structure of islet amyloid polypeptide (IAPP) among 240 species. (A) Evaluation of multiple alignments of 240 sequences showing
the conserved sites (24). (B) Analysis of correlation among Aggrescan and hydropathy values of sequences. (C) Distribution of Aggrescan values throughout 240
sequences of IAPP. Negative values were associated with lower aggregation propensity, and positive values with higher aggregation propensity. In black line is

identified the sequence of hIAPP.

TABLE 1 | Primary structure of hIAPP placed in order position, showing the different variants that were originated from the comparison among 240 sequences, the
frequency of each variant is shown.

Position Amino Variants Residue variants Total of sequences with the
acid specific variants
1 K KiR KiE Kil 3 10
2 ¢} 0 0
3 N NsG NsD 2 15
4 T Tl M 2 6
5 A AsV Asl AsP 3 7
6 T Tel 1 1
7 (¢} CrY 1 1
8 A AV AsS AsE AT 4 168
9 T ToM Tol 2 12
10 Q QioH 1 5
ihl R RiE RiW RiH 3 5
12 L 0 0
13 A AT AV AisS 3 16
14 N NwD N+ T NiH 3 153
15 F FisY 1 1
16 L 0 0
17 \ V7D Vi:G Vi T VA Vil VirS 6 34
18 H HigR 1 209
19 S Siel SieF SiA 3 4
20 S SG SeN SxC  SxR 4 28
21 N N21S N2:G NasH 3 43
22 N NQZS N22T N22| N22K NZQG 5 66
23 F Fosl Fosl FosM FasR FasA FosV FosG 7 206
24 G GR GaA G2sS 3 4
25 A AosT AssD AssP AssV AssS Assl 6 52
26 I |26V |25A |26|_ IZSM |26Y 5 74
27 L LorY Lol LorF L27S LosH La7X 6 166
28 S SQSV SgsA SQSL stP stT 5 53
29 S SzoP SzeA SoT SooH Sael 5 211
30 T TaoV TaoP TR TaoN 4 5
31 N NsiK Ns:D Ns:1S NsiV 4 32
32 \Y V3M Vsl V3G 3 10
33 G GasS 1 1
34 S SaA SaP 2 4
35 N NasS NasA NasT NasY NasD NasG NasH NasK 8 30
36 T TasA TS 2 5
37 Y YarH 1 3
The amino acids of the hlAPP sequence are shown in gray shades.
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FIGURE 2 | Single modifications on hIAPP could originate 113 de novo sequences that modulate the amyloid aggregation in islet amyloid polypeptide. (A) Effect of
residue substitution on the hIAPP (residues 1-37), showed by the Aggrescan values. Orange variants in regions 17-31 are identified; black bar corresponds to
hIAPP. (B) Association of hydropathy and Aggrescan values of 113 de novo variants. (C) Sigmoidal trend was registered in aggregation values of 113 de novo
variants. (D) Sequences of species with low aggregation tendency in contrast to less aggregative sequences de novo with two substitutions. hIAPP was used as a

Similarly, when Aggrescan and hydropathy values were evalu-
ated together, a correlation value of 0.87 (Pearson) was found
(Figure 2B); in other physicochemical parameters, there was not
asignificantassociation. Aggrescan analysis in 113 new sequences
suggests a sigmoidal behavior (Figure 2C), where most of the
sequences could be situated in potential intermediate transition
states of aggregation. For instance, in 15 sequences with less
aggregation, variants such as V7D, FxR, F»G, and 1A could
delete any of the hot spots (Table 2). In general, when positions
17, 23, 25, 26, and 32 in hIAPP were modified, the tendency to
aggregation was reduced.

Proposal of De Novo Sequences

Pramlintide is administered in diabetes therapeutic and con-
sidered a non-aggregating peptide based on rat IAPP (rIAPP)
(32); however, this de novo design could not represent the best
strategy. In the analysis of the sequence of pramlintide with
three substitutions, a value of —6.6 (Na4vSS) was registered,
and the rIAPP sequence presents —8.8. Moreover, incubation
of equimolar concentrations of rIAPP and hIAPP leads to a
deposition of rTAPP onto amyloid fibrils of hIAPP (33). This
may have a significant relevance in the efficacy of pramlin-
tide, suggesting the possibility of new optimized sequences.

Considering the panel of 113 de novo variants, 30 of these
show less aggregation propensity than pramlintide, with a
single residue substitution on hIAPP sequence. Otherwise,
taking into account these variants (Table 2) and performing
the replacement of two residues on the sequence of hIAPP
could generate about 95 sequences with lower aggregation
index.

Compared to Homo sapiens, sequences such as Sorex araneus
(Aggrescan —15.7) with 6 variants, Bos mutus (—15.2) with 10,
and Odobenus rasmarus (—14.1) with 4 variants had the least
tendency to aggregation (Table S2 in Supplementary Material).
Contrasting significantly with de novo sequences with only two
substitutions, such as Vi;D_FxR (Aggrescan —22.9), Vi;D_LyH
(—213), V17D_F23G (—21), V17D_V32G (—206), or F23R_L37H
(=20.2). Even more, variants V;;D_Fy;R and V;D_F»;G could
delete hot spots (Figure 2D). In this sense, modifications that are
close to positions 17 and 23 of IAPP showed a lower aggregation
propensity. Replacements by polar residues such as Asp and Arg
were the most effective to reduce aggregation. Indeed, in the
evaluation of sequences with three variants in the sequence of
hIAPP data contrast significantly with pramlintide and rat values,
obtaining 644 new sequences less prone to aggregation (data not
shown).
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TABLE 2 | Effect of substitutions of individual variants on human amylin sequence.

Variant Sequence Na4VssS Hidroph. PASTA  Organisms

V47D KCNTATCATQRLANFLDHSSNNFGATILSSTNVGSNTY -14.8 —0.31 -3.46 S. crofa

FasR KCNTATCATQRLANFLVHSSNNRGAILSSTNVGSNTY -13.6 -0.30 -3.88 C. auratus

Lo7H KCNTATCATQRLANFLVHSSNNFGATHSSTNVGSNTY -121 -0.29 -4.10 L. chalumnae

FasG KCNTATCATQRLANFLVHSSNNGGAILSSTNVGSNTY —-11.7 -0.18 -3.88 R cristatus

V3G KCNTATCATQRLANFLVHSSNNFGAILSSTNGGSNTY -11.3 -0.22 -4.21 P, cristatus

Vi:G KCNTATCATQRLANFLGHSSNNFGAILSSTNVGSNTY -11.3 -0.22 -3.46 A. nancymaae, B. regulorum, S. boliviensis
losA KCNTATCATQRLANFLVHSSNNFGAALSSTNVGSNTY -10.6 -0.17 -3.88 C. cristata, C. porcellus, F. damarensis
AxsD KCNTATCATQRLANFLVHSSNNFGDILSSTNVGSNTY -10.4 -0.24 -3.95 C. cristata

FasA KCNTATCATQRLANFLVHSSNNAGATLSSTNVGSNTY -10.4 -0.12 -3.88 G. fortis, Z. albicollis,

Vi T KCNTATCATQRLANFIUEFHSSNNFGATLSSTNVGSNTY -10.3 -0.23 -3.46 C. harengus, E. lucius, S. araneus

LorS KCNTATCATQRLANFLVHSSNNFGAIMSSTNVGSNTY -10.1 -0.22 -6.19 B. bison, B. mutus, C. cristata, R, cristatus
VizA KCNTATCATQRLANFLAHSSNNFGATLSSTNVGSNTY -10.0 -0.16 -3.46 B. bison, B. mutus, B. taurus, B. bubalis
AsE KCNTATCETQRLANFLVHSSNNFGATLSSTNVGSNTY -9.3 -0.24 -4.94 B. bison, B. mutus, B. taurus

YarH KCNTATCATQRLANFLVHSSNNFGATILSSTNVGSNTH -9.1 -0.15 -4.94 C. hircus, O. aries

TaeS KCNTATCATQRLANFLVHSSNNFGATLSSTNVGSNSY -9.1 -0.10 -4.94 O. princeps, O. cuniculus

H. sapiens ~ KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY -5.6 -0.10 -4.94

Kil ICNTATCATQRLANFLVHSSNNFGATILSSTNVGSNTY 1.1 0.13 —-4.94 P hamadryas,

Soel KCNTATCATQRLANFLVHSSNNFGAILSETNVGSNTY -1.0 0.03 -6.36 P, alecto Ig

Sosl KCNTATCATQRLANFLVHSSNNFGATLLSTNVGSNTY -1.0 0.03 -6.36 C. porcellus, F. damarensis, H. glaber
TaoV KCNTATCATQRLANFLVHSSNNFGATLSSUNVGSNTY -0.8 0.04 —-6.86 O. princeps

SaV KCNTATCATQRLANFLVHSSNNFGATLVSTNVGSNTY -0.5 0.04 —7.61 A. limnaeus, C. variegatus, F. heteroclitus
Al KCNTATCATQRLANFLVHSSNNEGITLSSTNVGSNTY -0.5 -0.02 -7.41 P, cristatus

Asl KCNTITCATQRLANFLVHSSNNFGATILSSTNVGSNTY -0.5 -0.02 -4.94 O. princeps

Tol KCNTATCATQRLANFLVHSSNNFGATILSSTNVGSNTY -0.2 0.04 —-4.94 C. cristata, F. damarensis, H. glaber

Tel KCNTAICATQRLANFLVHSSNNFGATLSSTNVGSNTY -0.2 0.04 -4.94 A. nancymaae

SioF KCNTATCATQRLANFLVHESNNFGATILSSTNVGSNTY 0.0 0.00 —-6.50 C. cristata

RiW KCNTATCATQWLANFLVHSSNNFGATLSSTNVGSNTY 0.6 0.00 -5.84 P, alecto Ig

Tul KCNIATCATQRLANFLVHSSNNFGATLSSTNVGSNTY 0.9 0.04 -4.94 A. nancymaae

NasY KCNTATCATQRLANFLVHSSNNFGATILSSTNVGS¥TY 1.1 -0.04 —-4.94 L. chalumnae, P, gutturalis

NsiV KCNTATCATQRLANFLVHSSNNFGATILSSTUVGSNTY 2.3 0.11 -6.97 P, cristatus

Nool KCNTATCATQRLANFLVHSSNIFGATILSSTNVGSNTY 2.9 0.12 -3.46 P, cristatus

In order, 15 sequences with lower aggregation and 15 with greater aggregation are showed, compared to hIAPP. Hot spots regions are identified in red.

Hidroph., hydrophobicity in kilocalorie per mole.

Modulation of IAPP Folding

Variants that could increase the formation of beta-sheet struc-
tures were found in organisms such as P, cristatus, L. chalumnae,
A. nancymaae, and P. alecto. For instance, only in the evaluation
of a group of 15 selected variants, changes that induce a greater
propensity to aggregation were Nyl (2.9 Na4vSS), N3V (2.3),
NssY (1.1), Tl (0.9), and RyW (0.6), broadening hot spots in
hIAPP (Table 2). These clusters have been associated with atomic
structures of the spine of amyloid fibrils made up of beta-sheets
with interdigitating side chains, denominated steric zippers (34).
Variants in the regions 21-28, 24-33, and 32-37 could increase
the tendency to aggregation (Table 2), and substitutions at posi-
tions 11, 21, and 28 were the most relevant to induce amyloid
aggregation, as well as changes for Ile, Val, Tyr, and Trp, generat-
ing long and more hydrophobic kot spots.

To evaluate the proposal of subtle modifications in the native
C-terminal domain of hIAPP could reduce the aggregation pro-
pensity and modulate the deleterious effects of beta-sheet forma-
tion, the domain that intrinsically showed the highest aggregation
tendency was characterized (residues 23-37) using the variant
F2;R as a peptide reference (Figure 3A). Considering its location
in the aggregation core and that it was one of the variants that
may induce a lower aggregation propensity (Table 2). Native
C-terminal, intrinsically showed a high tendency to formation

of beta-sheet structures with the characteristic emission ThT-
fluorescence spectrum peak at 494 nm, consistent with previous
reports (35). However, in the case of the F,;R variant, there was
a significant reduction in the formation of this type of structures
(Figure 3A). Complementary experiments through characteriza-
tion of CD confirmed these results. Characteristic peaks at 201
and 221 nm were associated with the presence of beta-sheet
structures only at the native C-terminal (Figure 3B). In addition,
when the fragment corresponding to the N-terminal domain
(residues 1-17) was characterized, significant changes were not
found during the structural evaluation through ThT-fluorescence
and CD, keeping the sequence a disordered structure (data not
shown).

Extracellular accumulation of hIAPP is one of the conditions
that trigger the pathophysiological phenomena associated with
DM2 (36), such as diminution in the cell mass of Langerhans
islets. Therefore, employing a beta cell model (RIN-m5F), increas-
ing concentrations of peptide fragments were evaluated with the
MTT assay. Only the C-native fragment showed conditions of
cytotoxicity since the lowest concentration evaluated (7.5 ug/mL)
(Figure 3C). Considering the low percentages of p-secondary
structures associated to Fx;R, minimum levels of cytotoxicity
were registered. In addition, when peptide samples were pro-
cessed by scanning transmission electronic microscopy, we found
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FIGURE 3 | The F23R variant modulates beta-sheet formation in C-terminal 23-37 islet amyloid polypeptide domain. (A) Emission values obtained with ThT-
fluorescence assay, the peak was recorded at 482 nm. (B) Circular dichroism spectra of the variants. (C) Cell viability evaluated through MTT assay in RIN-m5F cells
under increasing concentrations of peptides. Mean values were presented (n = 6, X + SD) *p < 0.001, **p < 0.005. Peptide samples processed by transmission
electron microscopy of C-terminal (D,F,H) and F.:R variant (E,G,l). Bars correspond to 500 nm.

amyloid-like fibrils only in C-native (Figures 3D,F,H) under the
same experimental conditions in F»R samples, the amount of
amyloid fibrils was low (Figures 3E,G,I). In this sense, localized
changes in secondary structure of peptides and proteins explain the
activation of the function or, in some cases, misfolding protein phe-
nomena, which could be dependent of the lipid microenvironment
(4, 18). We have characterized these conditions in proteins that
show lipid-binding properties and proposed that lipid-protein
interactions were critical in conformational changes that lead to
misfolding phenomenon (37). In this sense, a lipid microenvi-
ronment-dependence on the structure of IAPP sequences was
evaluated (Figure 4).

Effect of Lipid Environment on Secondary
Structure

C-terminal and FyR peptides were incubated with neutral
small unilamellar vesicles composed of PC. The presence of
conformational transition toward the formation of beta-sheet

structures was found in the native C-terminal from the lowest
concentration of PC, specifically in the peptide-lipid 78/39 pM
relationship (Figures 4A,B), which is close to the critical micelle
concentration of PC. This phenomenon did not occur when the
variant F»;R was evaluated (Figures 4C,D). These findings may be
associated with the low stability of the C-native sequence and its
high propensity of aggregation. Considering that the membrane
environment may enhance aggregation, and subtle changes such
as the F»;R in the domain of greater aggregation could avoid this
phenomenon. Additionally, the characterization was extended
to vesicles in which the electrostatic charge on the surface was
modulated finding that peptide-lipid interactions that trigger
amyloid formation were primarily dependent on the negative
charge of lipid surfaces (personal communication).
Complementarily, a dependence of the lipid environment
was observed only in the native C-domain in the peptide-bond
conformation (Figure 5A). Confirmed with the birefringence
changes evaluated with Congo-red spectroscopy (Figure 5B)
indicating the presence of beta-sheet structures dependent on
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PC. Likewise, this condition was confirmed by monitoring the
aggregation Kkinetics, reflecting the same behavior in the char-
acterization of the peptide bond, in turn, related to an increase
in the content of beta-sheet structures in the native C-domain
(Figure 5C). However, these changes were not observed when
the F»R variant was evaluated. Through a standardized assay
developed in our group that evaluates lipid—peptide interactions
(28, 37), samples were processed through native polyacrylamide
gradient gels, which evidenced the native interaction among PC
vesicles with the C-terminal peptide, a condition that decreased
in the FxR variant (Figures 5D,E).

Indeed, F»;R and the C-terminal did not change substantially
with respect to the average hydrophobicity. However, when
parameters such as the Aggrescan values were considered, the
native C-domain showed a value of 6.6, but the F;R variant was
—5.3, suggesting a very low tendency to aggregation. This condi-
tion determined by electrostatic charges of side chains may explain
the high aggregation propensity in C-domain. For instance,
the C-terminal at pH range of 3.0-8.5 showed a net charge of
0 with an intrinsic tendency to aggregation, which has already
been widely discussed in several reports as a critical problem in
the therapeutics of IAPP (38). However, under this same range,
the charge of the variant F»;R was around +1. A subtle balance

among the highly dynamic secondary structure of the C-terminal
domain of IAPP, the net charge, and the physicochemical proper-
ties of the surrounding lipid microenvironment could define the
type of secondary structure acquired.

Inhibitory Mechanism of the F»;R Variant
on the C-Terminal hIAPP Aggregation

Taking into consideration that the C-terminal may represent a
template structure for pramlintide aggregation or other amyloid-
like sequences, experimentation was performed to evaluate the
interaction between the C-terminal and F,;R under equimolar
concentrations. Results suggest that the variant F»R can inhibit
amyloid aggregation in the C-terminal, characterized by the
change of birefringence with Congo-red (Figure 6A) and ThT-
fluorescence (data not shown). Importantly, when cell viability
was evaluated, F»;R did not induce cytotoxic effects in beta
cells and avoided cytotoxicity exerted by the native C-terminal
(Figure 6B). Insulin secretion was quantified to characterize
the physiological function. Although the C-terminal induced a
decrease of approximately 20% in cell viability, it did not alter
insulin release. Surprisingly, the FyR variant promoted an
increase of 28% on secreted insulin levels (Figure 6C). These data
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FIGURE 5 | F2sR inhibits conformational changes toward the formation of beta-structures in the C-terminal of islet amyloid polypeptide. (A) Evaluation of peptide-
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suggest that F53R could stimulate the optimal function of beta
cells. We have shown that amyloid aggregation is a phenomenon
that induced the activation of UPR transducers. In this regard,
treatment with the C-terminal peptide favored an increase in the
expression of CHOP transcription factor dependent of PERK
activation, but not ATF6a activation. An experimental control of
ATF6a expression with tunicamycin was performed, an inhibi-
tor of protein N-glycosylation (Figure S2A in Supplementary
Material). The alteration of CHOP did not occur with Fx;R treat-
ment or co-incubation of both peptides (Figure 6D), conditions
associated with the protection phenomenon of F;;R. Likewise, the
lipotoxicity induced by the saturated palmitic acid (PA) as a posi-
tive control of the UPR activation was characterized (Figure 6D),
triggering the expression of CHOP. However, employing another

control condition that possibly does not induce the PERK
activation of UPR, oleic acid (OA) treatment did not promote
the CHOP expression; moreover, co-incubation of PA and OA
avoid the ER stress (Figure 6D). Indeed, in a recently work, we
have analyzed the effects main dietary FA have upon pancreatic
f-cell metabolism, such as modification in protein homeostasis
and intracellular management of lipid metabolism, which in turn
have repercussions on insulin p-cell metabolism (39).

Although the mechanism that regulates insulin release has
been described extensively through the ATP-sensitive potassium
channel, other pathways can also play an important role. Indeed,
beta cells express a double system for cytoplasmic Ca** extrusion:
plasma membrane Ca?*-ATPase (PMCA) and Na*/Ca** exchange
transport system (40). Therefore, calcium disposal is modulated
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FIGURE 6 | Modulation of amyloid aggregation in the native C-terminal dependent of treatment with FzsR. (A) Characterization of beta-sheet structures by
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by mechanisms highly regulated. In this sense, we found that the
C-terminal fragment and Fy;R variant could show an association
with a downregulation in PMCA expression (Figures 6D,E),
connected with maintaining basal insulin-secretion levels and
specifically under treatment with Fx;R allowing an optimized
increase. Therefore, IAPP could exert a mechanism in the
regulation of cytoplasmic calcium through the modulation of the
PMCA expression, and in turn modulate the release of insulin
(Figure 6C). However, PMCA overexpression has been associated
with ER Ca?* depletion, leading to ER-stress in beta cells (41).
The canonical apoptosis pathway due to high levels of CHOP
activates the ER oxidoreductin-lac (ERO-la) generating an
increase in ER lumen hyperoxidation. Subsequently, an increase
of the IP3 receptor originate a continuous release of calcium
(42). Then, activation of enzymes such as calpain, which could
process the proteolytic cleavage of Bcl-2 and PMCA (43). In our
experiments, when this possibility was evaluated, degradation

products were not registered in the PMCA characterization,
suggesting that regulation is through transcriptional or transla-
tional mechanisms. In this sense, expression of PMCA could be
mediated by mechanisms associated with the calcineurin/NFAT
pathway (43).

In parallel, results suggested that treatment with the C-terminal
and FyR variant modulate the cholesterol metabolism in beta
cells through switching the ABCAL1 transporter (Figure 6D).
Modulation of the transporter can function as a compensatory
mechanism that reduce cholesterol levels in cytoplasmic mem-
brane to ameliorate the amyloid damage of IAPP, considering that
cholesterol has been described as a promoter of fibril formation
in hIAPP (44). Moreover, accumulation of cholesterol due to
alterations in ABCA1 has been linked to impaired exocytosis of
insulin granules (45). Therefore, the increase in ABCA1 could be
associated with a mechanism to maintain basic functions such
as insulin secretion in close connection with the regulation of
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PMCA expression. Taken together, this could be a novel response
in beta cells to keep their basal functions.

Additionally, we evaluated the possibility of protection mecha-
nisms employing the F»R sequence in other cellular models that
are physiologically exposed to amyloid fibrils. Using Ap-peptide
as a reference amyloid, a drastic decrease in cell viability of
microglia was registered, a phenomenon that was also present in
C-terminal treatment (Figure 7A). Importantly, F»R treatment
did not affect the viability of microglia. It should be noted that
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FIGURE 7 | Functional modulation of islet amyloid polypeptide sequences in
microglia. (A) Responses of cytotoxicity obtained in the microglia model,
using the peptide Ap as a reference (n = 6, X + SD) *p < 0.001, **p < 0.05.
(B) Under the same treatments, CHOP and IL-6 were evaluated,
(C) quantification of CHOP expression compared to p-actin control.

unlike Langerhans beta cells, equimolar treatment with Fx;R
was not able to avoid damage of amyloid structures, considering
that microglia is a sensitive model for proteostasis disruption.
However, treatments with FyR induced a lower synthesis of
the pro-inflammatory cytokine IL-6 (Figure 7B). CHOP is a
transcription factor that regulates the expression of chaperones
and redox enzymes; however, under chronic overactivation of ER
stress, CHOP triggers apoptosis (2). Under our 12-h treatment in
microglia, the activation of CHOP by IAPP could be associated
with protective phenomena (Figures 7B,C).

Regulation of Cholesterol Metabolism

in Hepatocytes

Hepatocytes that intrinsically express low levels of CHOP
were evaluated. Using the same panel of peptide treatments,
no response was found in the activation of CHOP, and IL-6
synthesis was not even registered. Instead, ATF6a was activated,
which was associated with minimal modification of cell viability
(Figures 8A,B). Specifically, in order to show positive controls,
ER stress inducer molecules were evaluated, tunicamycin and
palmitic acid (Figures S2B,C in Supplementary Material), which
activated in an important way the PERK pathway. Therefore, the
IAPP fragments did not induce severe ER stress conditions. In
addition, an inflammatory condition induced by Gram-negative
endotoxins was evaluated; in this case, LPS promoted the expres-
sion of CHOP and pro-inflammatory IL-6 (Figure 8C). Also,
similar to characterization of beta cells, PA-lipotoxicity induced
CHOP activation; however monounsaturated OA under the same
concentration did not promote this phenomenon, moreover
avoided the PA effect (Figure 8C).

Characterization of several targets involved in cholesterol
metabolism was performed regardless of the IAPP variants
evaluated. Peptide treatment modulated cholesterol metabolism
through activation of transcriptional factors that regulate expres-
sion of key targets of cholesterol metabolism such as SREBP-2.
This mechanism is activated via COPII vesicles for the transport
from ER to the Golgi apparatus similar to ATF6a, thus, there could
be a shared activation mechanism. In turn, this phenomenon was
associated with increased expression of the LDLR (Figure 8D).
Therefore, in order to evaluate the endocytic capacity, hepatocyte
cultures were stimulated with dil-LDL. Results suggested that
C-terminal treatment, and F»;R/C-terminal induced an increase
of dil-LDL internalization (Figure 8F), and under these condi-
tions confirmed by a trigger on LDLR levels (Figure 8G).

Likewise, these conditions promoted the expression of apoA-
1, the major protein component of atheroprotective high-density
lipoproteins. Importantly, there was a decrease in the expression
of the ABCAL transporter (Figures 8D,E). In contrast to beta
cells, cholesterol maintenance in hepatocytes was associated with
an increase in PMCA levels (Figures 8H,I), which induced a
differential regulation of cytoplasmic calcium in connection with
cholesterol metabolism. In general, these results suggest that IAPP
regulates through C-terminal domain the management of hepatic
cholesterol by the activation of mechanisms that favor an increase
in cellular levels. Therefore, this metabolic modulation could be
associated with IAPP-mediated atheroprotective functions. In
this sense, one of the control mechanisms in expression of these
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FIGURE 8 | Islet amyloid polypeptide (IAPP) sequences modulate cholesterol metabolism in hepatocytes. (A) Cells were treated with equimolar concentrations of
peptide variants (7.5 pg/mL), and MTT assay was performed, (B) as well as CHOP, IL-6 and ATFBa expression were evaluated. (C) LPS incubation was used as a
positive control of CHOP and IL-6 activation. In addition, fatty acids PA and oleic acid were employed as a regulator condition of CHOP expression. (D) Proteins
targets that regulate cholesterol metabolism were characterized, under IAPP peptide incubation. (E) Quantification of ABCA1 expression compared to p-actin
control. (F) Cytometer analysis on internalization of dil-LDL (3 pg/mL). (G) Expression of LDLR under hepatocyte stimulation with native dil-LDL. (H) Western-blot of
PMCA, and (l) quantification of PMCA expression compared to p-actin control. For western-blot analysis, *po < 0.05, **p < 0.01 compared to control.

targets may be owing to the function of long non-coding RNAs
such as DYNLRB2-2:1, LeXis, or APOA1-AS (46-48), which we
are currently studying.

DISCUSSION

Considering that peptide folding is triggered mainly by hydropho-
bic interactions, electrostatic properties at the polar/non-polar
interface of the lipid/protein vesicles could play a key role in the
transition and stabilization of IAPP segments (4). Associated with
the formation of amyloid-like fibrils, specifically with the function

and stability of the C-terminal domain of greater aggregation in
IAPP. Otherwise, the incubation of the new Fx;R variant with the
native C-terminal could modulate the conformational rearrange-
ments and reduce the processes of amyloid fibril formation. This
represents a strategic point for the improved amylinomimetic
design, and, in consequence, for metabolic management.

New approaches to understand the sequences prone to aggre-
gation and modulation of the formation of toxic-aggregate struc-
tures must be aimed at acquiring knowledge about the behavior of
IAPP in different species. The generation of stable IAPP analogs
may represent an optimized treatment for the regulation of
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glucose metabolism, and as we have documented in this paper, in
the cholesterol metabolism. A biology-based strategy can provide
a comprehensive solution to design-optimized sequences based
on IAPP, increasing the alternative of treatments.

Alterations of cholesterol metabolism may contribute to
the impairment of beta cell function (49). Our data suggest
that the C-terminal and, specifically, the F,;R variant could
decrease cholesterol levels in the membrane through ABCA1. In
contrast, results in the hepatocytes model suggest the presence
of mechanisms that allow the accumulation of cholesterol by
increased expression of the main HDL protein, apoA-1, activa-
tion of factor SREBP2, and LDLR activity. It is highly possible
that tissue-specific regulation by IAPP is present. Currently, the
role of IAPP in cholesterol metabolism has not been elucidated.
For instance, one study conducted in rats, which subcutaneous
administration of IAPP changes the proportion of trihydroxy
and dihydroxycholates in the secretion of bile, improving the
processes of conjugation and hydroxylation in hepatocytes (50).
In addition, although it has been reported that pramlintide
treatment reduced circulating triglycerides in DM2 patients,
significant differences in blood pressure, HDL, and LDL cho-
lesterol has not been found (50).

The FyR variant is an important proposal considering that
induces a conformational rearrangement in the IAPP C-terminal
reducing fibril formation processes, which is a strategic point
for amylinomimetic design and, consequently, for the metabolic
management. This de novo sequence with only one substitution
could represent an optimized treatment, with a reduction in
adverse effects due to immunologic activation. Although, previ-
ous studies have proposed more than one substitution of different
amino acids in the N- and C-terminal domains of the native
sequence of hIAPP (51). In our study evaluating beta cells, the Fx;sR
showed inhibitory properties of template mechanisms that trigger
amyloid fibril formation in the native C-terminal domain. In turn,
optimizing key functions such as insulin secretion. Importantly, in
hepatocytes, FxR induced the metabolic rearrangement through
the modulation of cholesterol flow, which could have an impact in
reduction of cardiovascular risk, favoring LDL endocytosis.
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Abstract: Ceramides are key lipids in energetic-metabolic pathways and signaling cascades,
modulating critical physiological functions in cells. While synthesis of ceramides is performed
in endoplasmic reticulum (ER), which is altered under overnutrition conditions, proteins associated
with ceramide metabolism are located on membrane arrangement of mitochondria and ER (MAMs).
However, ceramide accumulation in meta-inflammation, condition that associates obesity with a
chronic low-grade inflammatory state, favors the deregulation of pathways such as insulin signaling,
and induces structural rearrangements on mitochondrial membrane, modifying its permeability and
altering the flux of ions and other molecules. Considering the wide biological processes in which
sphingolipids are implicated, they have been associated with diseases that present abnormalities
in their energetic metabolism, such as breast cancer. In this sense, sphingolipids could modulate
various cell features, such as growth, proliferation, survival, senescence, and apoptosis in cancer
progression; moreover, ceramide metabolism is associated to chemotherapy resistance, and regulation
of metastasis. Cell-cell communication mediated by exosomes and lipoproteins has become relevant
in the transport of several sphingolipids. Therefore, in this work we performed a comprehensive
analysis of the state of the art about the multifaceted roles of ceramides, specifically the deregulation
of ceramide metabolism pathways, being a key factor that could modulate neoplastic processes
development. Under specific conditions, sphingolipids perform important functions in several
cellular processes, and depending on the preponderant species and cellular and/or tissue status can
inhibit or promote the development of metabolic and potentially breast cancer disease.
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1. Introduction

A chronic excess of triglycerides in the body, specifically within adipose tissue, can lead to its
saturation and promote the release of free fatty acids (FFA) to blood circulation. These lipids could be
transported by serum albumin and lipoproteins, promoting their accumulation in tissues such as liver,
pancreas, and skeletal muscle, which triggers alterations in several signaling pathways associated with
energetic metabolism and cell cycle regulation [1]. Importantly, saturated fatty acids (SFA) have been
described as modulators of gene expression targets involved in the metabolism of sphingolipids [2].
For instance, the increase of cytoplasmic palmitoyl-CoA by lipogenesis and cell internalization could
drive fatty acids toward ceramides synthesis in endoplasmic reticulum (ER) through the de novo
pathway. Therefore, ceramides modify several metabolic pathways generating a cellular imbalance,
for example C16 ceramide could block the activity of the electron transport chain (ECT) by inhibition
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of complex IV, inducing the generation of reactive oxygen species (ROS) [3]. In addition, an increase in
mitochondrial ceramides contributes to the sensitization of the IP3R, favoring the release of Ca?* from
ER to the mitochondria [4].

Accumulation of triglycerides and intermediate molecules such as ceramides and diacylglycerols
(DAGs) are a consequence of chronic overnutrition [5,6]. Therefore, DAGs, ceramides and SFAs
induce chronic inflammatory conditions, originating cellular deleterious effects [7]. An increase in the
synthesis of C16-ceramides is associated with obesity and development of diabetes mellitus type 2,
inhibiting fatty acid oxidation [8] (Figure 1). Cytosolic DAGs are associated with activation of hepatic
PKCe [9], which has been demonstrated to phosphorylate the insulin receptor (INSR) in Threonine-1160
leading to inhibition of IRS kinase activity [10]. Thus, activation of hepatic PKCe induced by DAGs in
the pathogenesis of non-alcoholic fatty liver disease has been related to hepatic insulin resistance [9].
In addition, activation of TLR-4 by palmytic acid could trigger a cascade of intracellular signaling
mediated by phosphorylation of IkBa, which induces the activation of p50 and p65, and the expression
of serin-palmitoyl acyltransferase (SPT), ceramide synthase (CerS) and dihydroceramide desaturase,
key enzymes in the synthesis of ceramides [11]. Likewise, the increase in intracellular ceramides could
trigger the activation of NOD-like receptor family pyrin domain containing 3 (NLRP3) [12], complex
that integrates the inflammasome. Indeed, inflammasome functions as a putative sensor of ceramides;
therefore caspase-1 is activated by this mechanism [13]. Evidence shows a close relationship among
the role of ceramides with the development of metabolic pathologies (Figure 1).
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Figure 1. Metabolic implications associated to ceramide synthesis. Free fatty acid (FFA) such as
palmitic acid is internalized through CD36, and ceramide synthesis is stimulated by serin-palmitoyl
acyltransferase (SPT) through the addition of serine to produce sphinganine. Then, is converted into
dihydroceramide by CerS and finally to ceramide by Des. Ceramides promote inhibition of Akt/PKB
signaling by PKC function. Ceramides can be turned to GM3 which inhibits INRS, blocking insulin
signaling. GM3 accumulation promotes the dissociation of IR/Cav-1 complex. Likewise, palmitic acid
can function as a ligand for TLR-4, activating its signaling cascade that leads to the expression of genes
encoding enzymes such as SPT, CerS, and Des. On the other hand, palmitic acid can be metabolized to
DAG, which stimulates PKCe, activated PKCe phosphorylates Thr 1160 of INSR, causing its inhibition.
Finally, ceramides could activate NLRP3 and lead to apoptosis by Caspase-1-dependent pathway.
Image adapted from references: [9-13].
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In addition, an increase in the synthesis of ceramides associated with ER stress promotes the flow
of lipids among ER and mitochondria through the structures such as mitochondria-associated ER
membranes (MAMs) and multivesicular endosomes (MVEs), moreover these structures are involved
in mechanisms such as ceramide synthesis, ATP flux between ER and mitochondria, as well as
exosome-secretion [14]. In an important way, exosomes are vesicles that perform key functions in
processes of autocrine, paracrine and endocrine communication. Specifically, MVEs are composed of
intraluminal vesicles and participate in internalization of macromolecules and vacuolar/lysosomal
hydrolase delivery [15]. Once molecules are incorporated in these vesicles, they have two pathways,
degradation or secretion as exosomes by fusion with the plasma membrane, a process that is regulated
by the endosomal sorting complex required for transport (ESCRT-I). Indeed, exosomes have been
described to be enriched in ceramides; consequently, exogenous treatment with a sphingomyelinase
inhibitor reduced the releasing of exosomes, as well as in the depletion of neutral sphingomyelinase-2,
which suggests that ceramide metabolism is implicated in biogenesis of exosomes from intraluminal
vesicles [14]. Furthermore, has been described that MVEs formation, and consequently, exosome
secretion can be related with breast cancer, phenomenon proposed as a cellular stress response [16].

Ceramides play critical roles in the alteration of membrane structures, for instance, these lipids
are a factor that triggers the formation of channel-like structures in the outer mitochondrial membrane
(OMM), modifying conditions such as permeability and ionic concentration; thus, these conditions
could facilitate the flux of pro-apoptotic proteins such as cytochrome-C, Smac/Diablo, and Omi/HtrA2,
molecules of apoptosis intrinsic pathway. Paradoxically, ceramides function in apoptosis development
has allowed a more complex visualization of them, such as their role in cell differentiation and
proliferation signaling pathways [17,18]. Ceramides have been described as regulatory lipids
that modulate various sides of cell growth, survival, senescence, and apoptosis in cancer [19,20].
Wherein, a correlation between the levels of ceramides and the tumor stage has been demonstrated,
ceramides metabolism has also been associated to chemotherapy resistance [19,20]. Then, ceramides
play important roles in the regulation of cancer progression, and are linked to their function in
meta-inflammation, a condition that associates overnutrition and obesity with a chronic low-grade
inflammatory state [21,22], representing a key factor in the regulation of pathological processes.
Therefore, in this work, we performed an analysis of the state of the art about the multifaceted role of
ceramides in several pathological processes, with a focus on lipid metabolism and breast cancer.

2. Pathways of Ceramide Synthesis

Ceramide synthesis can be carried out by means of hydrolysis of sphingomyelin, de novo
synthesis, and the salvage and recycling pathway; therefore, there is a continuous flux of these
lipids in cells. For instance, de novo synthesis is activated by increased saturated fatty acid
accumulation, wherein palmitoyl-CoA and serine are conjugated by SPT, producing the unstable
molecule 3-ketosphinganine, which is rapidly converted to dihydro-sphingosine that undergoes
N-acylations by the CerS, producing dihydroceramides. The function of CerS is considered a critical
regulatory step, localized in ER and nuclear envelope. Later, the dihydroceramides are transformed by
the dihydroceramide desaturase (DES 1 and 2) into ceramides. Subsequently, ceramides are delivered
to the Golgi apparatus by vesicle transport, or through carrier proteins such as ceramide transfer
protein (CERT) [23,24], which is the only described protein capable of transferring vesicle-independent
ceramides among organelles [25].

Cer$S are composed of six variants whose function lies in the condensation of acyl-CoA of different
lengths to its sphinganine. Differences among CerS variants are associated with transmembrane
topology, specificity for long chain fatty acids, and tissue distribution [26], each CerS changes during
development and is expressed according to the cell type [26]. CerS1 and CerS4 generate C18—-C20
ceramides, CerS5 and CerS6 generate C14—-C16 ceramides, CerS2 selectively generates C22-C24
ceramides [27,28], and CerS3 mediates the synthesis of very-long chain C28-C32 ceramides with
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polyunsaturated fatty acids [29]. The activity of each CerS is determined by different post-translational
modifications, as well as homo and heterodimerization.

Sphingomyelin is the main sphingolipid constituent of the plasmatic membrane, and ceramides
generated by this pathway are produced by the hydrolysis of the phosphocholine head by the action
of sphingomyelinase (SMase), which can be activated by extracellular signals such as oxidative
stress, inflammation, and ionizing radiation [23]. Likewise, the salvage pathway can be activated
by oxidative stress, this process begins in lysosomes or late endosomes wherein sphingomyelin and
glycosphingolipids are hydrolyzed by the acid sphingomyelinase and (3-glucosidase-1, respectively.
Sphingolipids are released from these structures in the form of sphingosine and fatty acids,
reaction catalyzed by acid ceramidase, this pathway could be regulated by PKC6 which activates
sphingomyelinase. Furthermore, the recycling pathway involves deacylation of exogenous short chain
ceramides by ceramidase to produce sphingosine, these pathways converge to obtain a product in
common: ceramide produced by ceramide synthase [30]; likewise the recycling pathway has been
involved in apoptosis [31]. Evenmore, gangliosides can function as precursors of ceramides, through
the function of plasma membrane sialidase, to become sialosyl lactosyl ceramides [23].

Importantly, ceramide synthesis is activated by different cellular stimuli, including increased
intracellular concentration of postprandial palmitate, hypoxia, intracellular stress, activation of
the neutral sphingomyelinase [24,25], as well as inflammatory stimuli mediated by TLR-4 in
response to TNFx and INFy signaling, inducing the expression of enzymes such as SPT [32].
Therefore, the activation of ceramide synthesis due to meta-inflammation as a result of overnutrition,
could generate a deleterious circle by the activation of proinflammatory and pro-apoptotic signaling in
metabolic tissues, modifying organelles structure, then the pathological state is amplified [33].

3. Ceramides, Association with Endoplasmic Reticulum and Mitochondria

Ceramide hydrophobicity represents an energetic barrier that prevents free movement among
membrane structures; for instance, communication of ER and mitochondria requires physical contact
of membrane proteins that facilitate the flow of molecules. Within structure of MAMs, enzymes
involved in lipid biosynthetic pathways of ceramides and glycosphingolipids have been described,
for instance, ceramide synthase, ceramide glucosyltransferase, glucosylceramide galactosyltransferase,
and sialyltransferase [34]. Physiologically, there is a 5-20 % area of contact between ER and
mitochondria, which suggests a considerable flow of molecules between these organelles [35,36]
(Figure 2).
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Figure 2. Overview of endoplasmic reticulum (ER) and mitochondria interactions. ER stress
phenomenon promotes the activation of the de novo ceramide pathway, producing an increase
in the exportation of dyhidrosphingosine and enzymes such as CerS1 and CerS6 through
mitochondria-associated ER membranes (MAMSs) or multivesicular endosomes (MEVs) to mitochondria
(1), this originates the cleavage of SiglR/Bip complex, SiglR binds to IP3R3/VDCA-1 allowing
the flow of Ca%* through the ER to the inter-membranal space of the mitochondria by MCU (2),
it can cross the inner mitochondrial membrane, producing a supersaturation in the mitochondrial
matrix. This condition facilitates the activation of apoptosis by means of CHOP-dependent EROS« (3).
In inter-membrane space, C16 ceramide leads to synthesis and assembly of pores that synergistically
with Bax are translocated to OMM (4), this modifies the permeability of the membrane and allows the
output of cytochrome C and proteins as SMAC/DIABLO and Omi/Htra (5). Later, cytochrome-C is
associated with Apaf-1, promoting the change from procaspase-9 to caspase-9, leading to apoptosome
formation. The complex Bad/Bim inhibits the antiapoptotic action of Bcl-2 and Bcl-xL, which in turn
are associated with preventing the oligomerization of Bax with the pores, as well as inhibition of
cytochrome C release (6). Image adapted from references: [4,14,18,37-39].

ER-mitochondria associations are not only restricted to synthesis and lipid flow: even more
mitochondrial ATP transfer to the ER is critical for chaperone function in the activity of unfolded
protein response (UPR). One of chaperones, BiP (Grp78), recruits the adaptor protein TRAF2 in
cytoplasmic domains and activate ASK-1 and JNK kinase, which could target mitochondria through
various signaling pathways such as phosphorylation of Bim, and Bad [40,41], proteins of the Bcl-2
family involved in cell progression pathways and apoptosis [42]. In an important way, by decreasing
the fluidity of the mitochondrial membrane, ceramides attenuate the stability of MAMs, which are
structures needed for tumor cells adaptation under conditions of metabolic stress [43] (Figure 2).

In this sense, phosphofurin acidic cluster sorting protein 2 (PACS-2) is implicated in
ER-mitochondria tethering, which regulates MAMs formation [37]. The function of PACS-2 is
dependent of Akt phosphorylation (Figure 2), which enables PACS-2 to be retained in MAMs [44].
Likewise, PACS-2 interacts with calnexin, a regulator of ER-mitochondria Ca?* flux [45,46], and blocks
BAP31 processing mediated by caspase 8 [37]. This interaction is the basis of PACS-2-mediated
ER-mitochondria tethering, wherein BAP31 interacts with the mitochondrial Drp1 docking protein
Fisl [47]. However, this complex is associated with procaspase-8 under conditions of cell stress
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where the mature form of caspase-8 triggers the formation of the BAP31 p20 fragment, an activator of
mitochondrial fission [48]. Likewise, in cytoplasm, p53 can be located within the MAMs, wherein a
fraction of p53 could stimulate the activity of the Sarco/ER Ca®* ATPase pump, regulating Ca®* levels
in ER. In fact, under pro-apoptotic conditions, its downward activity causes an overload of Ca?* inside
the mitochondria, which is a factor of formation of mitochondrial permeability transition pores [4].

Intracellular increase of ceramides modifies several signaling pathways that maintain
cell homeostasis [49]. For instance, longer acyl chain ceramides decrease membrane
fluidity of mitochondria [50].  Specifically, the presence of two species of ceramides
N-acetyl-D-erythro-sphingosine C2 and N-palmitoyl-D-erythrosphingosine C16, has been associated
together with other proteins to formation of channel-like structures, then increasing permeability of
OMM. These structures could facilitate the movement of proteins from the inter-membrane space to
the cytoplasm, such as the inducing factor of apoptosis, cytochrome C, procaspases, and several heat
shock proteins [51,52]. Nevertheless, this proposal has been questioned; moreover, Lee et al. (2011) [53]
propose that ceramides facilitate the effect of Bax, a pro-apoptotic protein, which directly could trigger
the pore formation on OMM [53].

Experimentation on mitochondria of hepatocytes deleted of Bax showed increasing levels of
cytochrome C releasing under Bax treatment than stimulation with C16 ceramide alone, even at high
doses. In addition, minimal doses of C16 ceramide and recombinant Bax, potentiated the release of
cytochrome C. Therefore, C16 ceramide is not considered a direct inducer of increased permeabilization
of OMM, while it improves the insertion of Bax on OMM [53]. Although the release of these proteins
promotes the activation of several caspases and DNases, other mitochondrial effects appear, such as the
increase in ROS, alterations in calcium homeostasis of MAMs, modifications of several components of
the ECT, as well as reduction in ATP concentration with the consequent collapse of inner mitochondrial
membrane (IMM) potential.

While ceramides are lipids capable of inducing the destabilization of OMM, leading to
increased membrane sorting and inducing gel/fluid phase separation possibly to form channels,
the characterization of these channel-structures shows that only proteins could have the stability to
form these structures. Considering that pore formation, as the main mechanism of mitochondrial
permeabilization, has been questioned due to a thermodynamic barrier. Even more, the concept of an
increased permeability induced by a surface mismatch between the two mitochondrial monolayers
has been proposed [54]. Notwithstanding, in vitro studies with liposomes treated with C16 ceramides
and supported by electron microscopy and molecular dynamic simulations, have suggested the
pore structure formation [55]. In this proposal, ceramide molecules are organized in columns
arranged in anti-parallel way originating a cylindrical shape spanning the hydrophobic interior
of the OMM [52,56,57]. These phenomena could be dependent on the long chain and the degree of
unsaturation of acyl chain of ceramides [4,38]. Nowadays, the debate on the proposal that explains
this process in function of thermodynamic feature, still remains.

Likewise, in mitophagy, a physiological process in which cells eliminate dysfunctional
mitochondria, ceramides have been described that induce mitophagy, targeting mitochondria that
contains LC3B-II autophagolysosomes [58]. Specifically, C18 ceramides have emerged as tumor
suppressors. CERS1 expression generating C18 ceramides mediates the localization of ceramide on
the OMM, leading to mitophagy. Target mitochondria through LC3—an important component in
the formation of autophagosome which is conjugated with phosphatidyl-ethanolamine through the
C-terminal domain forming LC3B-II [58,59]—binds ceramides on the mitochondrial membrane upon
DNMIL/DRP1, leading to inhibition of mitochondrial function and oxygen consumption [58]. In this
sense, the interaction LC3B-II-ceramide involves the central hydrophobic domain of the protein [60].

4. Role of MAMs in Neoplastic Pathology

The role of MAMSs has been considered a fundamental feature of the anti-apoptotic effect in
neoplastic cells, mainly due to the control of Ca?* flux, and the handling of ROS balance, generated
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by uncontrolled growth and/or antineoplastic therapy [43]. Moreover, the localization of oncogenic
and/or tumor suppressor proteins in these special areas of contact ER/mitochondria, participating
in the physiological signaling pathways, have direct implications in the development of neoplastic
pathology [43]. Currently, several mechanisms have been associated with the function of MAMs in
several types of cancer, such as breast, lung, prostate, hematopoietic, and/or lymphoid neoplasias.
For instance, the sigma 1 receptor (S1R) in normal tissue is associated with chaperone protein
BiP/GRP78 within the area of MAMSs [41]; in contrast under conditions of stress it is uncoupled
from the BiP, to bind IP3R3, liberating CaZ* from the ER to the MAMs. On the other hand, SIR is
translocated under chronic stress towards the periphery of ER, and thereby attenuates the cell death
signal that would generate Ca>* overload in mitochondria and then, ER Ca?* depletion during chronic
conditions [61].

MAMs perform microzones of anchoring enzymes that maintain oxidative homeostasis, such as
endoplasmic reticulum oxidoreductase-1 alpha (ERO-1a), with which overexpression in tumor tissue
is associated with poor prognosis [62]. In addition, a strong correlation among the levels of ERO-1x
and programmed cell death-ligand 1 (PD-L1) is proposed, allowing the escape of the immunological
attack, and confining an immunosuppressive phenotype [63]. However, ERO-1« also participates in
cell death mediated by activation of compound 1 activator of procaspase (PAC-1), inducing apoptosis
in several tumors [39]. In this sense, ERO-1x shows a dual role in neoplastic pathology, previously
mentioned in the implication of oxidative balance and the presentation of immuno-tolerance with
anti-apoptotic characteristics, in contrast to cell death via activation of PAC-1 pro-apoptotic feature [39].
In addition, within the structure of MAMSs, the PERK arm of UPR is localized [64], its deficiency
showed an association with tumors of low proliferation, because PERK triggers mechanisms that
maintain redox balance [65].

In colon and breast cancer, ATAD3 has been described as functioning in conjunction with GRP78
within the MAMs, to keep the stability of WASE3, one function of which is the activation of actin
polymerization, participating in the metastatic phenomenon, and leading to a bad prognosis [66].
Interestingly, ATAD3 has been pinpoint in the vicinity of the lipid transfer zone between ER and
mitochondpria [67], the aforementioned is important for maintain the integrity of the lipid bilayer of the
mitochondria [68,69]. In lung cancer, the expression of variants of the Bcl-2 family has been described,
for instance the presence of Bcl-2 [70,71] and Bcl-XL [72] is associated with an anti-apoptotic phenotype
in non-small cell lung carcinoma. On the other hand, myeloid cell leukemia-1 (Mcl-1), another member
of the Bcl-2 family within MAMs, activates the voltage-dependent anion-selective channel 1 (VDAC-1),
increasing the flux of Ca?*, then cell migration [73].

In addition, hexokinase-2 (H2K) is over-expressed in cancer cells, wherein glycolysis has been
described to show an important role in the initiation and neoplastic development in models of mice
with K-Ras driven lung cancer and Her2 /Neu-driven breast cancer [74]. However, the phosphorylation
of H2K dependent of Akt causes the translocation of H2K to the MAMs, wherein maintains interaction
with VDAC-1, in this manner H2K takes advantage of the emerging ATP of the channel formed by
VDAC-1, catalyzing the first reaction of glycolysis, in this way contributes to the Warburg effect [75],
a metabolic adaptation to hypoxic microenvironment due to lack of blood supply, and fundamental in
the survival neoplastic during early stages.

In this sense, lactate produced by anaerobic glycolysis in Warburg effect generates an acid
microenvironment that activates the VEGF signaling pathway, a proper condition to tumor
growing [76]. This hypoxic condition leads to activation of HIFx, which, in collaboration with
c-Myc activate pyruvate dehydrogenase kinase 1 [77], reduces mitochondrial oxygen consumption
and promotes anaerobic glycolysis, then lactate synthesis [78]. Recently, MAMs have been proposed
as regulators of cancer cells metabolism due to their function in Ca?* exchange between ER and
mitochondria, which is needed for oxidative phosphorylation [79]. Therefore, alteration of MAMs
could lead to modifications of Ca?* exchange and ATP production [80]. Moreover, some proteins within
the MAMSs have been proposed as potential regulators of tumor cell metabolism, for instance, TMX1 is
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related with glycolysis and oxidative phosphorylation balance [80], mitofusin-2 as an important
regulator on MAMs contact has been associated to pro-apoptotic and anti-proliferative signaling [81],
and PACS-2 proposed as a tumor suppressor [82].

While MAMs connect membrane surfaces between mitochondria-ER, these associations harbor
multiple enzymes and proteins, which allow cell homeostasis preservation and, thus, survival in
neoplastic pathology [43]. MAMs represent a focus of therapeutic target for antineoplastic therapy,
due to its associations with responses to oxidative stress and harmful microenvironments, favoring
resistance to pro-apoptotic stimuli in cancer cells [83]. Indeed, the use of ceramides as coadjuvant
therapy with different antineoplastics, is a novel treatment option due to its multifactorial participation
in the structure and function of MAMs [84]. In line with this notion, ceramides are bioactive lipids that
modulate processes such as proliferation and cell cycle, key events in the development of cancer [19,20].
Various reports have shown that cancer cells strictly modulate ceramide metabolism [19,20,85].
For instance, sphingolipid metabolism has been reported to regulate cancer development, progression,
metastasis and resistance to therapy, some mechanisms have been described to explain how ceramides
could regulate these processes specifically in breast cancer [19,20].

5. Ceramides and Breast Cancer

Ceramide-1-phosphate and glucosylceramides regulate proliferative processes, while dihydro-
sphingosine, ceramides, and sphingosine promote apoptosis [19]. While, the effects of ceramides
in various cell types are pleiotropic, functioning as inhibitors of cell proliferation, ceramide levels are
down-regulated in most types of cancer via decreasing levels or activities of enzymes involved
in ceramide synthesis, and/or increasing the activity of enzymes associated with degradation.
For instance, in breast cancer cell lines, ceramides promote cell cycle arrest by mechanisms such
as the induction of the dephosphorylation of the Rb retinoblastoma protein, the activation of the
cyclin-dependent kinase inhibitor p21, and the inhibition of the cyclin-dependent kinase CDK2 [86,87],
additionally to promotion of pore formation mechanisms in OMM [88]. Indeed, taking into account
the inducer effect of apoptosis in breast cancer, ceramides are considered a tumor suppressor
lipid [86,89,90].

In this sense, acid ceramidase is an enzyme that deacylates ceramides in the ceramide metabolic
pathway to sphingosine, which is further phosphorylated by sphingosine kinase (SphK) to generate
sphingosine-1-phosphate (51P). Interestingly, ceramides have been shown to induce apoptosis, whereas
S1P could regulate cell survival, proliferation, and angiogenesis in cancer cells [19,91]. S1P is described
to exert multiple responses, such as proliferation, survival, and cytoskeletal rearrangement, via its G
protein-coupled receptor (GPCR) in several cell types, promoting the activation of Rho and CDC42
GTPases, and MAPK, PI3K/ Akt pathways. S1P is synthesized from sphingosine by SphK; two isoforms
of mammalian SphK (SphK1 and SphK2) have been characterized. Likewise, the S1P has been shown
to accumulate in the tumor microenvironment [19,92] (Figure 3).

Therefore, the role of sphingolipids in the development of breast cancer has been controversial,
however cancer cells that maintain an active proliferation specifically present low levels of ceramides,
by up-regulating enzymes that metabolize these lipids, resulting in conditions of resistance to
apoptosis [85,93]. Previous studies described different expression profiles of the sphingolipids enzymes
in cancerous tissue relative to normal tissue. Schiffmann et al. showed that endogenous ceramide
level was significantly elevated in malignant breast tissue, indicating that elevation of sphingolipid
levels correlates with disease status [94]. Particularly, the mammary tumor tissue showed high levels
of C16:0-Cer, C24:1-Cer and C24:0-Cer in comparison with non-tumoral tissue, and this increase
was associated with higher expression of ceramide synthases CerS2, CerS4 and CerS6. Interestingly,
levels of C18:0-Cer and C20:0-Cer were associated with positive tumors for the estrogen receptor,
while high levels of C16:0-Cer were linked with metastasis to lymph nodes [94,95].

On the other hand, increasing ceramide levels using ceramide analogs effectively induce apoptosis
of breast cancer cells. The stimulation of breast cancer cell lines MCF7 and MDA-MB-231 with the
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analog of ceramide (25,3R)-(4E,6E)-2-octanoylamidooctadecadiene-1,3-diol promotes apoptosis by
translocation of phosphatidylserine to the outer monolayer of the cell membrane and deregulation
of mitochondrial membrane potential and released of cytochrome C [96,97]. Therefore, ceramides
have been proposed as a therapeutic target for specific types of cancer by synergism with several
drugs, as potent tumor suppressors, and acting as second messengers in signal transduction and
regulation of proliferation, differentiation, senescence, and apoptosis [85,93]. Chemotherapeutic drugs
can induce the endogenous accumulation of ceramides, promoting cancer cells apoptosis, evidence
suggests that modulation in the lipid metabolism may be effective to improve tumor cells susceptibility
to antineoplastic drugs. Indeed, several chemotherapeutic agents increase the synthesis of ceramide
through the activation of SMases or de novo pathway, such as gemcitabine, camptothecin, etoposide,
cisplatin, fludarabine, and daunorubicin [98,99]. Furthermore, anti-tumoral treatment modulates the
expression of the receptors for S1P. In MCF7 breast cancer cells, tamoxifen and medroxyprogesterone
treatment induces an increase of S1P2 expression, while this same treatment induces a down-regulation
of S1P3 [100]. However, the biological mechanism that causes this phenomenon has not been described.
For instance, treatment of P388 and U937 leukemia cells with daunorubicin promotes apoptosis by
increasing ceramide levels by de novo pathway [101]. Subsequently, in the next chapters we are going
to analyze the critical steps in cancer progression and the role of ceramide metabolism.

Sphingosine

Ceramide

|
Kinase
,
1/

L ;
\ \ /
N K
Inhibition of cell

proliferation

S1P
. Receptors

PI3KIAK Erk 172
Cell proliferation

Basement membrane
Basal cell

Ductal cell

Normal duct Carcinoma in situ

Invasive carcinoma

Figure 3. Schematic view of sphingolipid role in breast cancer progression. Structurally, the mammary
ducts are composed of basal membrane, a layer of myoepithelial cells and another of luminal ductal
cells. In the normal mammary epithelium, ceramides negatively regulate the Rb and CDK2 proteins,
inhibiting cell proliferation. In carcinoma in situ, luminal tumor cells present an abnormal metabolism
of ceramides, where sphingosine-1-phosphate (S1P) through S1PR promotes activation of the PI3K/Akt
and MAPK pathways, inducing cell proliferation. The loss and/or degradation of the basement
membrane allow the tumoral cells to migrate and invade the surrounding tissue. In this stage,
S1PR promotes GTPases activation such as Rho and CDC42, inducing tumor invasion and consequently,
metastasis. Image adapted from references: [12,19,92,102].

6. Involvement of Ceramides and Sphingolipids in the Epithelial-Mesenchymal Transition (EMT)

EMT is an important process involved in embryonic development, wound healing, fibrosis,
and breast cancer metastasis [103,104]. The EMT process implies that epithelial cells progressively
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acquire a mesenchymal phenotype. It is characterized by a decrease in E-cadherin and cytokeratin (CK)
8/18 levels, loss of apical-basal polarity, junctions dissociation, cytoskeleton reorganization, an increase
in N-cadherin and vimentin levels [103], as well as matrix degradation and an enhanced ability for cell
migration and invasion. Cells that have undergone all these modifications have transitioned from an
epithelial to a mesenchymal phenotype [103,104].

For instance, in mouse mammary epithelial cells under the EMT process, a modulation in the
metabolism of gangliosphingolipids has been determined. Galpf1-3GalpNAcp1-4Galpf1-4Glcpf
(Gg4) is involved in the regulation of EMT, since the concentration of this lipid is reduced in
transdifferentiate cells into mesenchymal cells. In addition, Gg4 forms complexes with proteins such
as E-cadherin and (-catenin, preventing its degradation and favoring the epithelial phenotype [99].
Additionally, the differential expression of enzymes related to the ganglioside metabolism observed
in EMT is associated with the regulation of transcription factors such as Snaill, ZEB1, and Twist,
key EMT-inducing proteins [105].

Likewise, mammary epithelial cells under EMT showed a decrease in the levels of Ceramide
C16:0, as well as CerS6. Mammary epithelial cells treated with TGF-{3 have decreased levels of CerS6,
a phenomenon observed in patients with triple negative breast cancer (TNBC) mesenchymal cells [106].
The decrease of C16:0 ceramide levels in patients with TNBC are associated with migratory and
invasive capacity of tumor cells. In addition, the down-regulation of CerS6 in tumors is associated
with mesenchymal phenotype, as well as aggressive malignancies and poor prognosis [106].

As previously described, S1P is a bioactive lipid that regulates several responses including
inflammation, survival, and cell migration [102]. Forming complex with their respective receptors
(GPCRs), S1P promotes the activation of non-receptor kinases such as FAK, Src, as well as GTPase
Rac, regulatory proteins of cell migration and invasion [102]. In human mammary non-tumorigenic
epithelial cells MCF10A, a cellular model for the study of EMT, treatment with S1P induces the
activation of the S1P3 receptor, promoting the activation of Erk %, Rac, Akt, and PI3K, and an increase
in the expression and secretion of MMP-9. Moreover, S1P induces an increase in migratory and invasive
capacity of mammary epithelial cells, promoting an EMT-like process in MCF10A cells [102] (Figure 4).

Recently, a study performed in human breast cancer patients showed that ceramide levels are
elevated in breast tumor tissue compared to adjacent tissue and/or non-tumor tissue [90]. In addition,
the enzymes involved in the de novo pathway, in the salvage and the sphingomyelin pathways are
overexpressed in cancerous tissues, accompanied by an increase in the levels of multiple ceramides
(C14: 0,C16: 0,C18: 1, C18: 0, C20: 0, C22: 0, C24: 1,C24: 0, C26: 1 and C26: 0), increase in the levels
of monohexocylceramide species (C14: 0, C16: 0, C18: 1, C18: 0, C20: 0, C22: 0, C24: 1, C24: 0, C26:
1 and C26: 0), and an increase in sphingomyelin levels (C14: 0, C16: 0, C18: 1, C18: 0, C20: 0, C22:
0, C24: 1, C24: 0, C26: 1 and C26: 0), as previously mentioned these are related with an aggressive
phenotype [90].

Interestingly, the metabolism of ceramides is associated with invasiveness and metastasis.
For example, key regulatory enzymes in the ceramides and sphingolipid metabolism such as
glucosylceramide synthase [26,107], acid ceramidase [108,109], and ceramide kinase [110,111] are
overexpressed in mammary tumor tissue and/or breast cancer cell lines, suggesting a strong association
between ceramides and their intermediates on tumor progression. Therefore, this broadens the
understanding of the role of this class of lipids.

7. Ceramides and Sphingolipids and Their Implication in Breast Cancer Metastasis

In mammary tumor progression, the development of new blood vessels, denominated tumor
angiogenesis, is a critical process. In this sense, S1P and S1P receptors have been described as key
regulators of this process [112]. It has been shown that S1P induces an increase in intracellular calcium
concentrations and migration of HUVECs cells through the activation of the S1P receptor [113].
Additionally, SIP promotes an increase in the proliferation and chemotaxis of HUVEC cells
accompanied with enhanced in vitro angiogenesis [113,114]. This data confirms the involvement



Int. ]. Mol. Sci. 2018, 19, 2527 11 of 24

of molecules such as S1P and its receptors as modulators of angiogenesis and reflects its importance in
tumor vascularization.

Considering the importance of ceramides in the regulation of multiple tumor processes,
recently the ceramide nanoliposomes effect on mammary tumor cells cultures has been described.
In MDA-MB-231 cells, the treatment of C6 ceramides encapsulated in liposomes (ceramide
nanoliposomes) was able to significantly increase apoptosis under non-adherent conditions (anoikis),
accompanied by an increase in caspase 3/7 activity [115]. In addition, the ceramide nanoliposomes
promoted a decrease in cell migration, associated with a diminution in the secretion of IL-6 and IL-8 in
MDA-MB-231 cells [115].

Therefore, the interrelation between growth factors and the metabolism of sphingolipids in breast
cancer cells has been demonstrated. For example, it has been shown that the treatment of MCF7
mammary tumor cells with epidermal growth factor (EGF) promotes an increase in the expression of
sphingosine kinase 1, an enzyme required for cell proliferation and migration [116,117]. Interestingly,
in the same cell line, the oestrogen-induced transactivation of EGFR depends on the sphingosine
kinase pathway and S1P, a process accompanied by the activation of Src and matrix secretion of
metalloproteinases, proteins highly involved in the regulation of migration, invasion, and tumor
metastasis [117].

Finally, it is important to highlight the differences between events regulated by ceramides,
sphingolipid-metabolites, and S1P. For instance, the presence of high levels of ceramides and their
producing enzymes (CerS2) leads to a decrease in the secretion and activity of metalloproteinases,
resulting in poorly invasive phenotypes of breast cancer cell lines [118]. In the other hand, the role of
S1P as a modulator of cell invasion and metastasis has been demonstrated. In human glioblastoma
cells, S1P induces an increase in the secretion and activity of metalloproteinases, leading to the
degradation of extracellular matrix, invasion of local tissue and finally, metastasis [119]. Additionally,
S1P receptors play an important role in breast tumor development. It has been determined that
sphingosine-1-phosphate receptor 1 (51P1) is over-expressed in multiple breast cancer cell lines,
positively regulating processes such as tumor migration and invasion. In line with this notion,
the down-regulation of S1P; inhibits cell proliferation, colony formation, migration and invasion [120].

Studies show that sphingosine-1-phosphate receptor 3 (51P3) is over-expressed in invasive breast
cancer cell lines, resulting in an increase in the expression of COX-2 and in microsomal prostaglandin
(PG) E2 synthase, accompanied by a high synthesis of PGE2 and favoring tumor metastasis [121].
S1P; has been involved as a regulator of blood-brain barrier permeability. In the breast cancer brain
metastasis, the surrounding astrocytes express high levels of S1P3, which regulates and promotes the
secretion of CCL2 and IL-6, leading to the relaxation of endothelial cell adhesion and increases the
permeability of the blood-brain barrier [122].

This data strongly suggests that the subtle balance between the metabolites and enzymes
producing ceramides/sphingolipids in tumor cells leads to the modulation of mammary tumor
progression, highlighting the role of these molecules and their receptors as potential targets for breast
cancer intervention, specifically associated to metastasis.

8. Exosome-Ceramides and the Role in Tissue Communication

Extracellular vesicles are spherical structures surrounded by a bilayer lipid membrane that are
found in several body fluids and are secreted by a wide variety of cell types, including tumor cells [123].
According to the International Society for extracellular vesicles, these structures are classified
depending on their size and biogenesis in apoptotic bodies, microvesicles, and exosomes [124,125].
Particularly, the exosomes are originated from MVEs, presented average size of 30-100 nm. In different
types of cancer, altered levels of exosome release are observed, and their number, composition,
and cellular origin depend on the state of the disease [124]. Moreover, it has been shown that exosomes
regulate processes of tumor progression, such as proliferation, migration, invasion, metastasis,
immunosurveillance, and evasion [126], as well as resistance to chemotherapy, denoting them as
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an important feature in the study of breast cancer progression [123]. Once secreted, exosomes mediate
intercellular communication in autocrine, paracrine, and endocrine pathways. The exosomes modulate
the functions of target cells by interacting with surface proteins of vesicles with membrane receptors
and being endocyted by the target cell. In this way, the target cells uptake the set of charged molecules
present in the exosomes, resulting in modulation of the cellular responses [123,124]. For instance,
exosomes secreted by glioma cells transport and transfer EGFRVIII, a constitutively active oncogenic
form of EGFR, then acceptor tumor cells show an increase in cell proliferation and survival [127].
Several studies have shown that cancer cells resistant to doxorubicin and cisplatin release high
amounts of these molecules through exosomes, therefore their release contributes to tumor cell
survival [128,129]. Moreover, cancer cell-derived exosomes contain MMP-2 and MMP-9, enzymes
that degrade components of the extracellular matrix, facilitating the invasion of tumor cells into the
surrounding tissue (Figure 4) [130]. Furthermore a recent study shows that tumor-secreted exosomes
could facilitate metastasis even for tumour cells that lack the capacity to metastasize and this could be
regulated by their pattern of integrins expression [131].

Exosome-composition depends on the cells from which they originate, including proteins, nucleic
acids (RNA, DNA), and lipids [123,132]. Interestingly, sphingolipids have been associated with
the biogenesis and secretion of exosomes. Accumulation of sphingolipids and the high activity of
sphingomyelin phosphodiesterase (SMase) generates an increase in levels of free ceramides, associated
with the formation of exosomes [124,125,133]. Compared to their parental cells, exosomes secreted
by various cell types are enriched with various bioactive lipids such as eicosanoids, fatty acids,
ceramides, and sphingomyelin [134,135], therefore, these molecules can be transferred to the acceptor
cells. For instance, it has been determined that sphingosine-1-phosphate receptor 2 (51P,) is secreted
and transported in exosomes derived from MDA-MB-231 breast cancer cells. Indeed, the exosomes
that transport S1P, are taken-up by cancer-associated fibroblasts (CAFs), resulting in an increase in
CAFs proliferation dependent on ERK 3 signaling [136].
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Figure 4. Ceramides and sphingolipids in breast cancer progression. S1P is a critical molecule involved in the
modulation of angiogenesis. In endothelial cells, it has been demonstrated that S1P promotes proliferation,
migration, and chemotaxis, resulting in the generation of intra-tumoral blood vessels that facilitate the
process of metastasis. Moreover, S1P induces migration and invasion of breast cancer cells, promoting the
process of tumor intravasation. Finally, in tumor cells, the SMase enzyme shows high activity, promoting
the biogenesis and secretion of exosomes, extracellular vesicles that modulate angiogenesis, metastasis,
and resistance to chemotherapy. Image adapted from references: [14,120,132,136].
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In addition, S1P is associated with several cellular processes such as angiogenesis, cell growth,
motility, and in an important manner can be contained and transported by lipoproteins, the high density
lipoproteins (HDL) being the main carrier. Approximately 60% of circulating S1P is associated to HDL,
likewise HDL can carry on other sphingolipids such as sphingomyelins and ceramides (C:24) [137-139].
HDL is known for its anti-atherogenic function due to its composition of apolipoproteins, among
which ApoM is found, whose function is to bind to S1P [140]; both ApoM and S1P are synthesized and
secreted by the liver [141]. Although S1P has been considered as a cardioprotective molecule, S1P is
described as a possible mediator of HDL-dependent angiogenesis, due to its interaction with receptor
S1P3;, whose activation promotes the expression of VEGFR2 [142]. Therefore, S1P is a moonlighting
molecule, although it has a cardioprotective role through angiogenesis activation, this same effect can
be detrimental favoring tumor proliferation. In this sense, SIP3 has been found up-regulated in breast
cancer cells, a condition associated to increased migration and invasion of metastatic cells induced by
an inflammatory environment in a COX-2-PGE;-dependent pathway [121].

On the other hand, S1P is capable of activating the matriptase, a serine protease with an important
role in tissue remodeling [143], whose overexpression found in breast cancer tissue is associated with a
poor prognosis [144] through activation of PAR-2-NF-«kB and PI3K-Akt-mTOR, pro-inflammatory and
pro-oncogenic signaling, respectively [145]. Likewise, matriptase has been implicated in invasiveness
and metastasis in prostate cancer [146,147]. Recently, M69 antibody has been employed in TNBC cells
with overexpressed matriptase [148] indicating that this S1P-activated enzyme has an important role
on breast cancer therapy.

9. Role of Ceramides in Chemoresistance

Ceramides have been proposed as key regulatory molecules in breast cancer chemoresistance,
being even considered as sensitizers to chemotherapy. The poor response in chemotherapy is a
phenomenon commonly observed in breast cancer, however, is exacerbated in TNBC cells, a breast
cancer subtype with a poor prognosis [149,150]. Several cell pathways have been proposed
as triggers of neoplastic processes in TNBC, such as CD73, CD133, IMP3, ABCG2, HSF1 and
PI3K/AKT/mTOR [150-155]. In breast cancer patients studied by Che J., et al., it has been found that
after exposition to doxorubicin, cyclophosphamide, fluorouracil or its combination, ceramides levels
decreased, indicating that its down-regulation is a common intrinsic response against breast cancer
chemotherapy [20]. This subside response of ceramides concentration was determined in mammary
tumor tissue, while in untreated women the levels remain unchanged [5]. Specific enzymes of ceramide
metabolism have been characterized, UDP-glucose ceramide glucosyltransferase (UGCG) levels were
higher after exposition to chemotherapeutic agents as doxorubicin, which lead to decreased ceramide
levels [148]. Thus, specific inhibition of UGCG led to higher ceramide levels and this enhanced the
sensitivity to doxorubicin and cyclophosphamide in MDA-MB-231 cells [20]. Zhang X. et al., reported
that doxorubicin treatment induced the expression of UGCG in MCEF-7 cells, an estrogen receptor
(ER«x) positive model, while this phenomenon is absent in MDA-MB-231 (ER«x negative), suggesting
an association between the ERx and the UGCG [156].

Moreover, UGCG is involved in multidrug resistance processes, especially in breast and colon
cancer [157,158]. For instance, in one study the effects of UGCG on multidrug resistance protein 1
(MDR1) levels was characterized, which concluded that UGCG, specifically Gb3 and Gb4 up-regulates
expression of MDR1 through (-catenin signaling, granting doxorubicin and paclitaxel resistance
to murine breast cancer cells [159]. In addition, hyper-methylation of CpG islands in 5" regions of
UGCG promoter leads to its inhibition and subsequently to a major sensitivity to chemotherapy in
breast cancer cells. In this investigation, authors demonstrated that methylation of UGCG promoter
is performed by DNA methyltransferases (DNMTs). The UGCG promoter can be demethylated
after the effect of DNMTs inhibitor 5-Aza-dc (Azacitidine), which has been used for therapy at
hematological neoplastic processes, indicating the direct relationship between UGCG methylation and
cell chemo-sensitivity [160].
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Tamoxifen treatments have been reported to increase levels of Cl16, dHC16, C18, C20,
dHC20, dHC22 ceramides in 411, MCF-7 and MDA-MB-231 cells, processes accompanied to JNK
phosphorylation, caspase-3 and PARP cleavage, both conditions known as markers for cell death,
suggesting that tamoxifen also induces cell death in a ceramide-dependent manner [161]. Moreover,
tamoxifen shows an antagonist effect over P-gp, a protein with a flippase activity which transports
glucosylceramides into Golgi lumen, and this inhibition results in a decreased ceramide glycosylation
that leads to increased ceramide levels. Likewise, inhibition of the activity of acid ceramidase
by tamoxifen has been reported. Therefore, tamoxifen effects on activation of cell death markers,
diminution of ceramide glycosylation, and acid ceramidase inhibition explain its role at enhancing
sensitivity to chemotherapy in breast cancer cells [162]. In addition, RIP2, an important mediator
of innate immunity, has been recently studied as a modulator of breast cancer survival by Jafaar
R., et al., whose results indicate that this kinase confers resistance to ceramide-induced apoptosis in
triple-negative breast cancer cells treated with paclitaxel [163]. Thus, RIP2 inhibition can be proposed as
a novel target to improve ceramide-induced apoptosis and then, a better antineoplastic drugs response.

10. Final Considerations

Ceramides are a species of sphingolipids whose functions have become relevant due to their
various intracellular and signaling functions, some of them involved in pathological processes.
Sphingolipid metabolism presents moonlighting effects on neoplastic processes due to its multiple
metabolites, for instance ceramides being the proapoptotic intermediates, glucosylceramides the
inducers of chemoresistance, and S1P the mitogenic sphingolipid [162]. Thus, it is critical to deepen the
knowledge about why the increase in ceramides during initial stages of oncogenic processes favors the
survival of the tumoral cells, but later becomes cytotoxic, opposed to the early phases. Evidence
suggests that ceramide metabolism is associated with the efficacy of breast cancer therapeutics,
several reports have evaluated the possibility to use ceramides as a vehicle in cancer treatments.
Therefore, a better understanding of the mechanisms by which sphingolipids regulate cancer cell
signaling and metabolism will improve the development of therapeutics.

The aim of this work was to describe an integral relationship between ceramide metabolism
and breast cancer development and progression, highlighting its importance in the modulation of
key processes such as apoptosis, proliferation, EMT, migration, invasion, and metastasis, resulting
in a highly comprehensive and novel work that contributes to the better understanding of tumor
ceramides metabolism. Therefore, this work represents a new approach to mechanisms that trigger
cancer development and the role of ceramides.

Ceramides function on cell apoptosis has been demonstrated, then these lipids are closely
related to mitochondrial structure alterations, facilitating the flow of pro-apoptotic proteins from
the intermembrane space into the cytoplasm; also, they exert intracellular effects on insulin signaling
induced by meta-inflammation. Therefore, ceramides can be visualized as a hub in the cellular
metabolism by functioning as molecules with dual roles, as under stress conditions, which lead to
inflammation, they regulate several functions such as apoptosis, and even subtle phenomena in the
regulation of cellular cancer signaling mechanisms. The specific conditions in which these lipids will
become pathological molecules is a subject pending elucidation.
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Abbreviations

ER Endoplasmic reticulum

FFA Free fatty Acids

SFA Saturated Fatty Acids

ECT Electron transport chain

ROS Reactive oxygen specie

DAGs Diacylglycerols

INSR Insulin receptor

SPT Serin-palmitoyl acyltransferase

CerS Ceramide synthase

NLRP3 NOD-like receptor family pyrin domain containing 3
MVEs Multivesicular endosome

ESCRT-1 Endosomal sorting complex required for transport
OMM Outer mitochondrial membrane

DES Dihydroceramide desaturase

CERT Ceramide transfer protein

SMase Sphingomyelinase

UPR Unfolded protein response

PACS-2 Phosphofurin acidic cluster sorting protein 2
IMM Inner mitochondrial membrane

ERO-1x Endoplasmic reticulum oxidoreductase-1 alpha
PD-L1 Programmed cell death-ligand 1

PAC-1 Compound 1 activator of procaspase

Mcl-1 Myeloid cell leukemia-1 Mcl-1

VDAC-1 Voltage-dependent anion-selective channel 1
H2K Hexokinase-2

GPCR G Protein-coupled receptor

S1P Sphingosine-1-phosphate

SphK Sphingosine kinase

EMT Epithelial-mesenchymal transition

CK Cytokeratin

Gg4 Galpp1-3GalpNAcB1-4Galpp1-4Glcp
TNBC Triple negative breast cancer

EGF Epidermal growth factor

Era Estrogen receptor

UGCG UDP-glucose ceramide glucosyltransferase
5-Aza-dc Azacitidine

MAMs Mitochondria-associated ER membranes
MDR1 Multidrug resistance protein 1

DNMTs DNA methyltransferases
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