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RESUMEN

La infeccion con el Virus de Papiloma Humano de alto riesgo (VPH-AR) es la
principal causa para el desarrollo de cancer cervical (CC), en el que la continua
expresion de las oncoproteinas virales E6 y E7 mantiene el fenotipo maligno de las
células del epitelio cervical. En México, alrededor del 70% de los casos de CC son
diagnosticados en etapas avanzadas, impactando en la supervivencia de las
pacientes. El objetivo de este estudio fue identificar biomarcadores afectados por
las oncoproteinas E6 y E7 de VPH-16 que impacten en el prondstico de las
pacientes con cancer cervical. Los perfiles de expresion dependientes de las
oncoproteinas E6 y E7, al igual que su relacion con diversos procesos biolégicos y
vias de sefializacion, fueron analizados en lineas celulares de CC. Por otro lado, la
comparacién entre los perfiles de expresion de las células con E6 y E7 con una
cohorte de pacientes obtenida de The Cancer Genome Atlas (TCGA), demostraron
gue la expresion de 13 genes, compartidos entre las lineas celulares y las muestras
de pacientes, impacta la supervivencia global (SG). Una regresién de Cox reveld
que la disminucion en la expresion de RIPOR2 esté fuertemente asociada con una
peor SG en los pacientes del TCGA, pero ademas, todas las variantes
transcripcionales de RIPOR2 detectadas en las lineas celulares, fueron fuertemente
disminuidas en presencia de E6 y de E7. Finalmente, en una cohorte de poblacién
mexicana, encontramos que en lesiones cervicales premalignas, la expresion de
RIPOR2 también se encontrd disminuida, y que la disminucion de esta expresion

estuvo asociada con una peor SG en pacientes mexicanas con CC.



ABSTRACT

High-risk human papillomavirus (HPV) infection is the main risk factor for cervical
cancer (CC) development, where the continuous expression of E6 and E7
oncoproteins maintain the malignant phenotype. In Mexico, around 70% of CC cases
are diagnosed in advanced stages, impacting the survival of patients. The aim of this
work was to identify biomarkers affected by HPV-16 E6 and E7 oncoproteins that
impact the prognosis of CC patients. Expression profiles dependent on E6 and E7
oncoproteins, as well as their relationship with biological processes and cellular
signaling pathways, were analyzed in CC cells. A comparison among expression
profiles of E6- and E7-expressing cells and that from a CC cohort obtained from The
Cancer Genome Atlas (TCGA) demonstrated that the expression of 13 genes
impacts the overall survival (OS). A multivariate analysis revealed that the
downregulated expression of RIPOR2 was strongly associated with a worse OS.
RIPORZ2, including its transcriptional variants, were overwhelmingly depleted in E6-
and E7-expressing cells. Finally, in a Mexican cohort, it was found that in
premalignant cervical lesions, RIPOR2 expression decreases as the lesions
progress; meanwhile, decreased RIPOR2 expression was also associated with a

worse OS in CC patients.
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INTRODUCCION

El Cancer Cervical y el Virus del Papiloma Humano

De acuerdo con las mas recientes estadisticas del GLOBOCAN 2020 y la Agencia
Internacional para la Investigacion en Cancer, el cancer cervical (CC) ocupa el
cuarto lugar en incidencia y mortalidad por cancer en mujeres del mundo. La
incidencia global fue de alrededor de 604 000 nuevos casos en el 2020, mientras
gue la mortalidad por CC represent6 el 7.7% de las muertes en mujeres con cancer
(Ferlay et al., 2020; Sung et al., 2021) (Figura 1).
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Figura 1. Incidenciay mortalidad por tipo de cancer en mujeres de México y el mundo.
Figura modificada de GLOBOCAN 2020/IARC (Ferlay et al., 2020).
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Las estrategias de diagndstico oportuno permiten detectar lesiones precancerosas,
lo que favorece mejores opciones de tratamiento y la posibilidad de no desarrollar
CC. También ha sido documentado que alrededor del 90% de las muertes por
cancer en mujeres a nivel mundial suceden en paises en vias de desarrollo,
principalmente debido al acceso limitado a las medidas preventivas de deteccion.
La identificacion del CC en etapas avanzadas, provoca que los tratamientos
disponibles sean menos eficientes y/o los costos sean muy elevados (Sung et al.,
2021).

En México, el CC es la segunda causa de muerte por cancer en mujeres y contintda
siendo un problema de salud publica; en 2012 se estimaron 3357 muertes por
cancer cervical en nuestro pais, mientras que para el afio 2020 esta estimacion
aumentd a 4335 muertes (Ferlay et al., 2020). En paises en vias de desarrollo, como
México, una alta proporcién de los casos de CC son diagnosticados en etapas
clinicamente avanzadas, resultando en una menor sobrevivencia y una alta tasa de
muerte (Singh et al., 2012). Se ha observado que en México mas del 70% de los
pacientes con cancer cervical son diagnosticados en etapas avanzadas (Isla-Ortiz
et al., 2020), lo que afecta notablemente a la supervivencia global del paciente

(Torreglosa-Hernandez et al., 2022).

Es importante tomar en cuenta que el principal factor de riesgo atribuido al desarrollo
de CC es la infeccion persistente por el Virus de Papiloma Humano (VPH) de alto
riesgo (AR), cuyo genoma ha sido encontrado en la mayoria de los casos de cancer
cervical (mas del 90%) (Li et al., 2011). Hoy en dia, se han identificado alrededor de
220 tipos virales capaces de infectar al humano (PaVE: The Papillomavirus
Episteme, 2022; Van Doorslaer et al., 2017), de los cuales, alrededor de 40 infectan
la zona genital y 15 se determinan como de AR (16, 18, 21, 33, 35, 39, 45, 51, 52,
56, 58, 59, 68, 73,y 82) (Yu et al., 2022). Dentro de los tipos de alto riesgo, el VPH-
16 y el VPH-18 causan alrededor del 70% de los casos de CC, siendo el VPH-16 el
mas prevalente y encontrandose en alrededor del 50% de los casos (Alfaro et al.,
2016; Szymonowicz & Chen, 2020).



Este virus se transmite principalmente por contacto sexual y alrededor del 80% de
las personas con vida sexual activa presentaran una infeccion con VPH en algun
momento de sus vidas. La mayoria de estas infecciones son eficientemente
eliminadas por el sistema inmune, sin embargo, alrededor del 10% persiste y el
desarrollo de cancer se presentara en menos del 1% (Sasagawa et al., 2012). Se
ha calculado que alrededor del mundo, cerca del 13% de los casos de cancer se
asocian con infecciones. Dentro de estos factores infecciosos se encuentran
Helicobacter pylori, VPH, Virus de Hepatitis C, Hepatitis B, Epstein-Barr, etc.,
relacionados principalmente con cancer gastrico, cervical, hepatico, nasofaringe, etc
(de Martel et al., 2020; Plummer et al.,, 2016). Para el caso especifico de
Latinoamérica, el VPH es el agente mas relacionado con cancer (de Martel et al.,
2020; Plummer et al., 2016) y globalmente, se ha calculado que causa poco mas
del 30% del total de los casos de cancer causados por agentes infecciosos
(Szymonowicz & Chen, 2020). Ademas del CC, el VPH se asocia con el desarrollo
de otros tipos de cancer en hombres y mujeres, siendo el CC el méas frecuente en
mujeres y el cancer de orofaringe el mas comdn en hombres. En la Figura 2 se
puede observar el nUmero estimado de casos anuales para cada uno de los tipos
de céancer asociados a VPH tanto en hombres como en mujeres, asi como los tipos

virales con los que se asocian.
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Figura 2. Tipos de cancer asociados con lainfeccién del VPH en hombres y mujeres.
Se muestran los casos anuales estimados para cancer de vulva, vagina, orofaringe, cérvix,
ano y pene en hombres y mujeres alrededor del mundo, asi como los tipos virales con los
gque se asocia cada uno de estos. Imagen modificada de (Szymonowicz & Chen, 2020).
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El genoma del VPH

El VPH es un virus pequefio que oscila entre los 52-55 nm, contiene un genoma de
DNA de doble cadena dentro de una capside icosaédrica que no posee envoltura
(Yuetal., 2022). La longitud del DNA viral es de alrededor de 8000 pb y se distribuye
en tres regiones que pueden identificarse en la Figura 3 como: 1) URR o LCR por
Upstream Regulatory Region o Long Control Region, que no posee marcos abiertos
de lectura, pero se encarga de la regulacién de la replicacion y transcripcion virales;
2) una region de expresion temprana (E), que codifica para las proteinas E1, E2,
E1°E4, E5, E6, E7 y E8°EZ2; 3) laregion tardia (L) que codifica para las dos proteinas
de la cépside viral L1 y L2 (Tabla 1). Dos promotores principales regulan la
transcripcion de los marcos de lectura temprano y tardio, aunque otros promotores
han sido identificados (Yu et al., 2022).

Ve

$

{7

Figura 3. Estructura general del genoma del VPH tipo 16. En Amarillo muestra la
upstream regulatory region (URR), en color vino las proteinas de expresion tempranasy en
color azul las proteinas de expresion tardia. Pe y P. denotan los promotores para los
transcritos tempranos y tardios, respectivamente, asi como pAe y pAL las secuencias de
poliadenilacion de las mismas. Imagen tomada de (Yu et al., 2022).

-10-



Tabla 1. Funciones principales de las proteinas del VPH.

Proteina | Papel en el ciclo de vida viral

El Replicacion del genoma, DNA helicasa dependiente de ATP.

Replicacion del genoma, transcripcion, segregacion, encapsidacion, regulacién de

E2 AP ; S .
la expresién génica celular, ciclo celular y regulacién de la apoptosis.

Remodelacion de las redes de citoqueratina, arresto del ciclo celular, ensamblaje

E4 | del virion.

E5 Control del crecimiento celular y diferenciacion, modulaciéon inmune.

E6 Inhipipién de Ia~apopt.o,sis y diferenciacion, regulacion de la forma celular, polaridad,
movilidad y sefializacion.

E7 Control del ciclo celular, controla la duplicacién de centrosomas.

L1 Proteina mayor de la capside.

L2 Proteina menor de la capside, recluta L1, ensamblaje del virion.

Se describen las principales funciones de las proteinas tempranas y tardias codificadas en el genoma
del VPH-16. Modificada de (Bhat, 2022).

La oncogenicidad de los VPH-AR recae principalmente en la expresion continua de
dos de sus oncogenes tempranos E6 y E7, los cuales son suficientes para promover
la transformacion celular (Minger et al., 1989) mediante diversos mecanismos
(Figura 4). Los productos proteicos de estos genes, interaccionan con diferentes
blancos celulares que promueven procesos asociados con cancer, tales como
proliferacion, migracion, invasion, inhibicion de la apoptosis, evasion del sistema
inmune, entre otros (Pal & Kundu, 2020). Una de las funciones mas estudiadas de
las oncoproteinas virales, es que promueven la degradacion de proteinas
supresoras de tumores. E6 interacciona con p53 y con la ubiquitina ligasa E6AP,
promoviendo la degradacién de p53 a través del proteosoma, evento que permite la
inhibiciébn de la apoptosis, la promocién de la inestabilidad gendmica y la
acumulacion de mutaciones (Martinez-Zapien et al., 2016; Scheffner et al., 1993).
La proteina E7 interacciona con pRb y con la ubiquitina ligasa Culina 2, favoreciendo
la degradacion proteosomal de pRb. Este evento promueve la translocacion del
factor transcripcional E2F al nucleo y de la transcripcion de genes relacionados con

-11 -



la transicion de la fase G1 a la fase S, favoreciendo la continuidad del ciclo celular
(Huh et al., 2007).

| T p16 I

N
| \ | E2F
EG | p53 1 libre { pRb ’—@

Inactivacion de

S . . enes supresores
Inhibicién Proliferacion g
bician de de tumores

la apoptosis sz s (CADM1 y MAL)

por metilacion

i

Activacion de
genes para la
telomerasa

—)[ Inmortalizacion ](—

Integracion
del VPH

Figura 4. Diagrama que muestra los principales procesos celulares afectados por E6
y E7 durante la infeccién con VPH de AR en células del epitelio cervical. E6 promueve
la degradacién de p53 resultando en la inhibiciobn de la apoptosis y E7 inactiva pRb,
favoreciendo la proliferacion. En combinacién con otros procesos, se promueve la
transformacion celular. Adn continla en estudio si la promocion de la inestabilidad
gendmica lleva a la integracién viral o si el proceso de integracion facilita la inestabilidad.
Imagen modificada de (World Health Organization, 2020).

Ciclo viral y el desarrollo de cancer cervical

Como se ha mencionado anteriormente, el genoma viral se compone de una region
temprana y otra tardia; la expresion de dichas regiones se regula por la
diferenciacion del epitelio una vez que este ha sido infectado por el VPH mediante

microabrasiones (Cosper et al., 2021).
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El VPH posee tropismo por epitelios escamosos, ya sean mucosos 0 cutaneos
dependiendo del tipo viral. Dichos epitelios poseen una capa basal compuesta por
células indiferenciadas, seguida de una capa suprabasal, una granular y finalmente
una capa de células en descamacion. A través de endocitosis mediada por
receptores, el VPH infecta las células basales, las cuales se encuentran en division
y proveen un ambiente idoneo para la replicacion viral inicial. Una vez que se da la
infeccion, el ciclo viral productivo consta de tres principales etapas: a)
Establecimiento, en la que se da una amplificacion inicial muy regulada hasta
alcanzar alrededor de 100 copias virales; b) Mantenimiento, donde el nUmero de
copias se conserva constante y el virus puede persistir en esta etapa hasta por
décadas; c) Amplificacion, en la cual las células basales infectadas comienzan a
diferenciarse, proceso que promueve el incremento de la replicacion en los estratos
superiores (mediada principalmente por la expresion de E6 y E7) que culminara con
la generacion y liberacion de particulas virales en las Ultimas capas (Figura 5 A)
(Cosper et al., 2021).
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Figura 5. Ciclo de vida del Virus de Papiloma Humano. A) Se muestra el ciclo viral
reproductivo en el que a través de una micro lesién el virus infecta la capa basal y
posteriormente su genoma se expresa de acuerdo con la capa del epitelio en el que se
encuentre hasta que en las capas superiores se ensamblan y liberan nuevas particulas
virales por descamacion; B) Integracion del genoma viral que aumenta los niveles de E6 y
E7, la degradacion de blancos celulares como p53 y pRb, y puede promover el desarrollo
de cancer. Imagen tomada de (Cosper et al., 2021).
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Cuando se da una larga etapa de mantenimiento y el virus persiste, el DNA del VPH
puede integrarse en el genoma celular, proceso que no es considerado como parte
del ciclo natural de infeccion; debido a que dicha integracion ya no permitira la
sintesis de genomas virales extra-cromosomales que puedan ser empaquetados y
transmitidos a un nuevo hospedero (Cosper et al., 2021; McBride & Warburton,
2017). La integracion viral en el genoma celular es comiunmente observada en CC
y en algunas lesiones premalignas, donde una de secuencias virales en las que el
genoma del VPH se rompe frecuentemente es la del gen E2. Debido a que la
proteina E2 actia como represor transcripcional de E6 y E7, al ser interrumpido, se
promueve un incremento de las oncoproteinas y entre otros eventos, la degradacion
de sus blancos proteicos p53 y pRb, favoreciendo el establecimiento del CC (Figura
5 B) (Cosper et al., 2021; McBride & Warburton, 2017). Es importante destacar que
conforme la lesion cervical es mas cercana a cancer se detecta mayor integracion
viral (Cosper et al., 2021), sin embargo, se estas lesiones premalignas e incluso
algunos casos de CC pueden llegar a desarrollarse sin que se detecte integracion
(Rossi et al., 2023).

Una vez que el VPH ha infectado el epitelio, pueden desarrollarse lesiones de
diversos grados que pueden llevar o no al desarrollo de cancer cervical escamoso
(CCE). Estas lesiones se denominan neoplasias intraepiteliales cervicales (NIC), las
cuales representan etapas precancerosas y normalmente revierten por si solas en
pocos afios. Las infecciones cervicales que progresan pueden generar un NIC | o
también llamadas lesiones intraepiteliales escamosas de bajo grado (LIEBG),
caracterizadas por una displasia moderada con la presencia de -coilocitos;
posteriormente puede generarse un NIC Il, que consiste en una lesion que afecta
dos tercios del epitelio; finalmente encontramos al NIC Ill, que representa una
displasia severa afectando mas de dos tercios del epitelio. Tanto el NIC Il como el
NIC Il se engloban en las lesiones intraepiteliales escamosas de alto grado
(LIEAG), que cuando progresan, pueden generar cancer invasor (Burmeister et al.,

2022) el cual se estratifica en estadios |, II, lll y IV (Tabla 2) de acuerdo con la guia

-14 -



de la FIGO (Fédération Internationale de Gynécologie et d’Obstétrique, por sus

siglas en francés) (FIGO Committee on Gynecologic Oncology, 2014).

Tabla 2. Estadios clinicos del cancer cervical.

Estadio

Descripcién

El carcinoma esta estrictamente confinado al cérvix (extension al cuerpo uterino debe
descartarse).

Cancer invasivo identificado sélo microscépicamente (toda lesibn macroscépica
incluso con invasion superficial es estadio IB). La invasién esta limitada a una invasion
estromal con una profundidad maxima de 5 mm y de no mas de 7mm de ancho.

IA1

Invasion al estroma <3 mm de profundidad y <7 mm de ancho.

1A2

Invasién al estroma >3 mm y <5mm* de profundidad y <7 mm de ancho.

Lesiones clinicas confinadas al cérvix o lesiones preclinicas mayores a estadio IA.

IB1

Lesiones clinicas no mayores a 4 cm.

IB2

Lesiones clinicas mayores a 4 cm.

El carcinoma se extiende a través del Utero, pero no se extiende en la pared pélvica
o al tercio inferior de la vagina.

Se involucra los 2/3 superiores de la vagina. Sin afeccion parametrial evidente.

A1

Lesion clinicamente visible <4 cm.

[1A2

Lesion clinicamente visible >4 cm.

1B

Afeccion parametrial evidente pero no hacia la pared lateral pélvica.

El carcinoma se ha extendido hacia la pared lateral pélvica. En la examinacion rectal,
no hay espacio libre entre el tumor y la pared lateral pélvica. El tumor involucra el
tercio inferior de la vagina. Todos los casos de hidronefrosis o rifién no funcional
deben incluirse al menos que se sepa que se deben a otras causas.

A

Se involucra la vagina inferior pero no hay extension hacia la pared lateral de la pelvis.

1B

Extensién hacia la pared lateral pélvica o hidronefrosis/rifién no funcional.

\%

El carcinoma se ha extendido dentro de la pelvis o se encuentra clinicamente
involucrada la mucosa de la vejiga y/o el recto.

IVA

Se ha diseminado a los érganos adyacentes a la pelvis.

IVB

Se ha diseminado a 6rganos distantes.

*La profundidad de la invasion no debe ser mayor a 5mm tomado desde la base del epitelio, cualquier
superficie glandular, de la que se origina. La invasion del espacio vascular no debe alterar la tincion.
Modificada de (FIGO Committee on Gynecologic Oncology, 2014).
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Biomarcadores en el cancer cervical

Las caracteristicas de la enfermedad relacionadas con el estadio clinico, tales como
el tamafio del tumor, infiltracion a nédulos linfaticos y metastasis, estan relacionadas
con la supervivencia de los pacientes; sin embargo, no todos los pacientes con el
mismo estadio clinico tienen el mismo desenlace. Por lo tanto, algunos estudios se
han enfocado en la blusqueda de moléculas que pueden predecir la sobrevida de
los pacientes. Con respecto a esto, algunas proteinas han sido reportadas como
biomarcadores prondstico para CC, incluyendo los niveles de Ki-67/MIB-1 (Piri et
al., 2015), la subunidad catalitica de la glucosa-6-fosfatasa (G6PC) (Zhu et al., 2022)
y una cinasa especifica de proteina rica en serina/arginina 1 (SRPK1) (Z. Dong et
al., 2022), las cuales estan relacionadas con una peor sobrevida; mientras los altos
niveles de Galectina 9 (Beyer et al., 2022) correlacionan con un mejor pronostico en
pacientes con CC. Ademéds, a través del andlisis de perfiles transcripcionales
derivados de bases de datos gendmicas de pacientes con CC, se han identificado
genes relacionados con la sobrevida global (SG) (Campos-Parra et al., 2022; Cui et
al., 2022). Por ejemplo, la elevada expresion de BRCA1 (Paik et al., 2021) esta
asociada con una mejor SG, mientras que los altos niveles transcripcionales de
VEGF165 se han asociado con una peor sobrevida libre de enfermedad (Patel et
al., 2020) en pacientes con CC. Alteraciones de RNAs no codificantes también han
sido propuestos como biomarcadores pronostico en CC (Chang et al., 2022; Nahand
et al., 2019; G. Zhang et al., 2022).

Debido a que las oncoproteinas virales son responsables del mantenimiento del
fenotipo maligno, estrategias enfocadas en el descubrimiento de nuevos
biomarcadores asociados al desarrollo de CC dependientes del VPH han sido
explorados. La deteccion del genoma del VPH (DNA) asi como su expresion (RNA)
ha sido utilizada para determinar el riesgo de progresion a cancer y como un
biomarcador prondstico. Los transcritos de E6 y E7 han mostrado tener alta
especificidad comparados con la positividad al DNA viral (Coquillard et al., 2011;
Gupta et al., 2022) y un alto valor predictivo positivo de progresar a LEIAG o cancer

cervical. Ademas, ha sido demostrado que la presencia, asi como los niveles de los
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transcritos de E6, incrementan el riesgo de progresar a cancer (Ho et al., 2010). En
cancer cervical, la alta expresion del oncogén E6 y de su isoforma E6* estan
asociadas con una pobre sobrevida global (Ruiz et al., 2021). Por otro lado, el uso
del mRNA del VPH ha sido propuesto como un marcador molecular para la
propagacion metastasica del cancer cervical (Durst et al., 2015; Rose et al., 1994).
En el ganglio centinela de los pacientes con nodulos linfaticos libres de metastasis,
se ha demostrado que la presencia de mRNA del VPH tiene valor pronostico
independiente del tamafio del tumor, donde la supervivencia libre de recurrencia fue
significativamente mayor para pacientes con ganglios centinelas negativos al mMRNA
de VPH (Durst et al., 2015).

Debido al efecto de E6 y E7 sobre la transformacion celular, los perfiles de expresion
génicos dependientes de los oncogenes virales en CC, ofrecen una alternativa para
la busqueda de biomarcadores con valor prondéstico. Una clasificacion mas precisa
de los casos de CC de acuerdo con sus perfiles moleculares y considerando la
expresion de los oncogenes, podria ser util para identificar a los pacientes con

tumores mas agresivos que requieran un seguimiento mas estrecho.

Resultan de gran relevancia los estudios enfocados en el establecimiento de nuevos
biomarcadores de progresion y prondstico de sobrevida global en cancer cervical,
algunas evidencias han mostrado la actividad de proteinas como PFKFB4 y RIPOR2
con expresion alterada en cancer cervical. Particularmente se ha observado
aumento de PFKFB4 y disminucion de RIPOR2 en la neoplasia antes mencionada.
Estas moléculas estan involucradas en la regulacion de procesos tales como
metabolismo, migracion, proliferacién, reparacion del DNA y procesos de suma

importancia para mantener la homeostasis celular.
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ANTECEDENTES

PFKFB4 y RIPOR2 en cancer cervical

La 6-fosfofructo-2-cinasa/fructosa-2,6-bifosfatasa 4, también conocida como
PFKFB4, es una de las cuatro isoenzimas de PFKFB (Yalcin et al., 2009), las cuales
generan fructosa-2, 6-bifosfato, un activador alostérico de la 6-fosfofructo-1-cinasa,
enzima limitante en la glucdlisis, la gluconeogénesis y que regula la via de las
pentosas fosfato. Estudios recientes han demostrado que la alta expresion de
PFKFB4 predice un mal prondstico en varios tipos de cancer, incluyendo cancer de
mama (Cai et al., 2021), gastrico (Wang et al., 2021), de pulmon (Zhou et al., 2022),
melanoma (Trojan et al., 2018) y de tiroides (Lu et al., 2020). En CC se han realizado
trabajos recientes que muestran la sobreexpresion de PFKFB4 en este cancer y lo
asocian con procesos carcinogénicos (Hsin et al., 2021; Sun & Jin, 2022; Wu et al.,
2022), aunque la relacion de su incremento ain no se ha ligado con la actividad de

las oncoproteinas virales.

RIPOR2 pertenece a la familia RIPOR (RHO family interacting cell polarization
regulators), compuesta por 3 distintas proteinas: RIPOR1, RIPOR2 y RIPOR3, las
cuales se codifican por los genes FAM65A, FAM65B y FAMG65C, respectivamente.
Las proteinas RIPOR se unen directamente a las GTPasas RHO (A, By C) a través
de su motivo de union a RHO, inhibiendo la actividad de RHO e influenciando
negativamente las funciones celulares reguladas por estas GTPsas, tales como
trafico mediado por receptores, migracion, crecimiento y polarizacion celulares (Lv
et al., 2022). A lo largo del tiempo, se han dado distintos nombres a RIPOR2 (PL48,
C6orf32, FAM65B) y se han reportado con un numero distinto de nucledtidos y
aminodcidos. Las primeras variantes de RIPOR?2 identificadas en citotrofoblastos en
diferenciacion fueron tres mRNAs de 2.8, 3.5y 4.8 kb (Dakour et al., 1997; Morrish
et al., 1996). Posteriormente, diversas isoformas de la proteina RIPOR2 fueron

detectadas mediante inmunoblot (Yoon et al., 2007).

Por otro lado, la expresion de la proteina RIPOR2 se ha visto disminuida en cancer,

aungue existe muy poca informacion sobre el papel que tiene en este padecimiento.
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Dakour et al., en 1997, describieron la falta de expresion de RIPOR2 en una amplia
variedad de lineas celulares de cancer de pulmon, retinoblastoma, glioma, vejiga y
colon (Dakour et al., 1997), aunado a esto, en diversas lineas de cancer cervical, se
observa una muy baja o nula expresion (FANTOM. Functional Annotation of the
Mammalian Genome, 2014; Lizio et al., 2015, 2019). La linea celular PC3, derivada
de tumores de cancer de prostata, también muestra bajos niveles de RIPOR2, sin
embargo, las subpoblaciones de esta linea PC3 con caracteristicas de células
troncales cancerosas (CSC), poseen un fenotipo contrario con altos niveles de
RIPOR2. Sorprendentemente, los tumores generados en ratones a partir de estas
CSC, nuevamente poseen baja expresion de RIPOR2 (K. Zhang & Waxman, 2010),
haciendo pensar que la formacion del tumor requiere de la disminucién de este
transcrito en algun punto del desarrollo tumoral. De forma interesante, también se
ha observado que cuando RIPOR2 se sobre-expresa en las lineas celulares de CC
SiHa y Hela, la viabilidad celular y la migracion, disminuyen significativamente (Xu
et al., 2022). Estos hallazgos sugieren que RIPOR2 podria actuar como un supresor

tumoral.

Hasta el momento, dos estudios han reportado una relacién entre los niveles de
expresion de RIPOR2 y la SG de las pacientes con cancer cervical, ambos
asociando a este mensajero con la expresion de una firma compuesta por 4 genes.
El primero de estos estudios revel6 que la firma compuesta por RIPOR2, DAAM2,
SORBS1, CXCL8, se asocia con la SG de las pacientes con cancer cervical; siendo
el grupo de alto riesgo donde RIPOR2 se encontré disminuido y las pacientes
poseen peor prondéstico (Mei et al., 2020). Concordando con los resultados antes
mencionados, un estudio reciente identifico que las pacientes con CC que presentan
mayor expresion de RIPOR2 poseen una mejor SG, concluyendo que RIPOR2 es

un factor protector en CC (Xu et al., 2022).

De manera relevante, al dividir a las pacientes con cancer cervical en dos grupos,
de acuerdo con la alta o baja infiltracion de ciertas células del sistema inmune en el

tumor (pej. T CD8, Treg, Macrofagos), se observé que la alta expresiéon de RIPOR2
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correlaciona con la elevada infiltracion de estas células en tumores cervicales (Mei
et al., 2020; Xu et al., 2022). En relacion con estos resultados, los pacientes con alta
infiltracion también poseen una elevada expresion los transcritos para proteinas de
muerte celular programada como PD-1, PD-L1, PD-L2, y CTLA-4, haciéndolos

candidatos para terapia con inhibidores de estos puntos de control (Mei et al., 2020).
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PLANTEAMIENTO DEL PROBLEMA Y JUSTIFICACION

El cancer cervical es la cuarta causa de muerte por cancer en mujeres del mundo y
la segunda en mujeres mexicanas. En paises en vias de desarrollo como México,
este padecimiento es comunmente detectado en etapas avanzadas, lo que
disminuye la esperanza de vida de las pacientes.

La expresion de los genes E6 y E7 del virus del papiloma humano (VPH) ha
demostrado estar asociada con el prondstico de las pacientes con cancer cervical,
sin embargo, los estudios que evidencian este efecto son pocos y no permiten
concluir la participacion de las oncoproteinas sobre otros probables biomarcadores
pronoéstico. Enriquecer esta informacion ayudaria en el entendimiento de los
mecanismos que promueven el desarrollo del céancer cervical, mejoraria la
estratificacion de las pacientes y, en un futuro, podria apoyar en la eleccién de

tratamientos mas adecuados para este grupo de pacientes con mal prondéstico.

PREGUNTA DE INVESTIGACION
¢, Cudles de los transcritos celulares que se alteran por la presencia de los
oncogenes E6 y E7 afectan la sobrevida global de las pacientes con cancer

cervical?

HIPOTESIS
Las proteinas E6 y E7 del VPH-16 modifican la expresién de genes relacionados

con la sobrevida global de las pacientes con cancer cervical.
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OBJETIVOS

Objetivo General

Evaluar el efecto de las proteinas E6 y E7 del VPH-16 sobre la expresion de genes

celulares que afectan la sobrevida global de las pacientes con cancer cervical.

Objetivos Especificos

1.

Establecer modelos de expresion estable de los oncogenes E6 y E7 del VPH-
16 en la linea celular de cancer de cérvix C-33 A.

Caracterizar el transcriptoma de los modelos de expresion estable alterados
por las oncoproteinas E6 y E7.

Determinar mediante herramientas bioinformaticas los procesos biolégicos y
vias de sefializacion asociados a la expresion de las oncoproteinas virales.
Evaluar la expresion génica diferencial entre muestras de cancer cervical y
tejido normal a partir de bases de datos publicos de una cohorte proveniente
del TCGA.

Identificar los transcritos cuya expresion es modificada por las proteinas
virales en lineas celulares, y que también se encuentran alterados en
muestras de cancer cervical.

Analizar la asociacién de los niveles de expresion de los transcritos
seleccionados con la sobrevida global en la cohorte de TCGA.

Validar la expresion de los genes involucrados en el desenlace clinico de las
pacientes en lineas celulares de cancer cervical positivas a VPH-16 y en los
modelos celulares con expresion estable de E6 y E7.

Analizar la expresion de los genes seleccionados en muestras cervicales de
pacientes con epitelio normal, lesiones precancerosas y cancer.

Determinar el efecto de los niveles de expresion de los genes de interés en

la supervivencia global de las pacientes con cancer cervical.
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METODOS

Clonacién deE6y E7

Los marcos de lectura abiertos (ORFs) para E6 y E7 de VPH-16 fueron amplificados
a partir de DNA extraido de células Ca Ski utilizando Reaccion en Cadena de la
Polimerasa (PCR). Las secuencias virales, fusionadas a la secuencia del tag HA,
fueron amplificadas utilizando los primers especificos EcoRI-HA-E616 Fwd/Bglll-
E616 Rev, asi como EcoRI-HA-E716-Fwd/Bglll-E716-Rev (mostrados en la Tabla
3) y clonados en el vector de expresion p3x-FLAG CMV-10 (Sigma, Burlington, MA,
EUA). Para llevar a cabo dicha clonacién, se utilizaron las enzimas de restriccion
EcoRI y Bglll, asi como la enzima Ligasa T4 (Invitrogen, Waltham, MA, EUA), de
acuerdo con las recomendaciones del proveedor. Las construcciones fueron
verificadas mediante secuenciacion Sanger. Los plasmidos generados se
nombraron: vector vacio p3x-FLAG (VV), p3x-FLAG-HA-E616 (E616) y p3x-FLAG-
HA-E716 (E716). Las distintas electroforesis fueron llevadas a cabo en genes de
agarosa al 1% utilizando un marcador o estandar de DNA de 100pb Thermo
Scientific, Waltham, MA, EUA.

Tabla 3. Oligonucledtidos utilizados en el presente trabajo.
Nombre del I Tamafio del
Blanco . Secuencia5— 3’
primer producto
GGGGAATTCATACCCATACGATGTTCCAGATTACGCT
VPH-16 | ECORI-HA-E616 Fwd TTTCAGGACCCACAGGAGC
E6 499 pb
Bglll-E616 Rev GGGAGATCTTTACAGCTGGGTTTCTCTACGTG
GGGGAATTCATACCCATACGATGTTCCAGATTACGCT
VPH-16 | ECORIHA-E716-Fwd C ATGGAGATACACCTACA
E7 340 pb
Bglll-E716-Rev GGGAGATCTTTATGGTTTCTGAGAACAGAT
E616 Fwd TTTCAGGACCCACAGGAGCGA
VPH-16
E6 130 pb
E616 Rev AGTCATATACCTCACGTCGCAGTA
E716 Fwd CAAGTGTGACTCTACGCTTCGG
VPH-16 82 pb
E7 E716 Rev TGTGCCCATTAACAGGTCTTCCAA
18S 18S Fwd AACCCGTTGAACCCCATT 149 pb
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18s Rev CCATCCAATCGGTAGTAGCG
PFKFB4 Fwd CAACATCGTGCAAGTGAAACTG
PFKFB4 111 pb
PFKFB4 Rev GACTCGTAGGAGTTCTCATAGCA
RIPOR2 pool Fwd GAGCTTCAAGGAGTACACAGAG
RIPOR2 P
ool 96 pb
P RIPOR2 pool Rev CCAGCCAGACCTTTCATCTT
RIPOR2 VAR 1 Fwd CTGTCTGTCTTGAGTGCCTTG
RIPOR2
VAR 1 136 pb
RIPOR2 VAR 1 Rev AGATGTCATCAGGTAGATTTGAATAGAG
RIPOR2 VAR 2 Fwd GGATGATATTCTAAAAAAGTAGAGAAG
RIPOR2
VAR 2 121 pb
RIPOR2 VAR 2 Rev GAAGTCAGCAGGTTGAAGAATAGG
RIPOR2 VAR 3 Fwd AGTGTGACTGCTGAGACTG
RIPOR2
VAR 3 133 pb
RIPOR2 VAR 3 Rev GTCGGTAGTCCTTCACCAAA
RIPOR2 VAR 4 Fwd TGGTGTTACCTTCGCGATTAC
RIPOR2
VAR 4 87 pb
RIPOR2 VAR 4 Rev TGGTCGGTAGTCGGTTGA
RIPOR2 VAR 5-4 Fwd GGATGATATTCTAAAAGATGCTAAACAC
RIPOR2
VAR 5-4 149 pb
RIPOR2 VAR 5-4 Rev ACTCAAGATGGCACAAAAGC
RIPOR2 VAR 6-1 Fwd ATTGGTGCGGAGGCTTT
RIPOR2
VAR 6-1 91pb
RIPOR2 VAR 6-1 Rev GAGTCTGGTCGGTAGTCCTAA
RIPOR2 VAR 7 Fwd GGTACGGTCGGGAAGTTG
RIPOR2
VAR 7 99 pb
RIPOR2 VAR 7 Rev GTAGTCCTTGGCCCGTTC

Lineas celulares y cultivo

Las lineas de cancer cervical C-33 A, SiHa y Ca Ski fueron adquiridas en ATCC
(Manassas, VA, EUA) y mantenidas a 37 °C con 5% de CO2. De acuerdo con el
proveedor, C-33 A es una linea celular de cancer cervical proveniente de una mujer
de 66 afios, adherente y negativa tanto a DNA como a RNA del VPH. Las células
SiHa, provienen de un tumor primario de una paciente de 55 afios con cancer
cervical escamoso, adicionalmente se menciona que son ceélulas adherentes que

contienen entre una y dos copias de HPV-16. La linea Ca Ski fue generada a partir
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de una mujer de 40 aflos con un tumor de origen cervical con metastasis al
mesenterio del intestino delgado; las células son adherentes y de acuerdo con el
proveedor, contienen alrededor de 600 copias de VPH-16 y secuencias
relacionadas con VPH-18. Las células SiHa y C-33 A fueron crecidas en medio
Dulbecco’s modified Eagle’s medium (DMEM) de ATCC, VA, EUA, mientras que las
células Ca Ski en medio Roswell Park Memorial Institute (RPMI) de GIBCO, Thermo
Scientific, Waltham, MA, EUA. Todos los medios se suplementaron con 10% de
Suero Fetal Bovino (SFB) de GIBCO, Thermo Scientific, Waltham, MA, EUA.

Las células C-33 A fueron transfectadas de forma estable con los plasmidos
generados anteriormente, utilizando Lipofectamine™ 2000 (Invitrogen, Waltham,
MA, EUA) de acuerdo con las indicaciones del fabricante y seleccionadas utilizando
2 g/L de G418 (ChemCruz Bio, Dallas, TX, EUA) durante alrededor de un mes y
medio. Una vez que solo quedaron las células resistentes al antibiético en cada una
de las tres transfecciones (VV, E616 y E716), una mezcla de dichas células fue
congelada y otra parte fue diluida para obtener colonias aisladas provenientes de
una sola célula. Cuando algunas de las colonias fueron lo suficientemente grandes,
estas células fueron despegadas y divididas en 3 placas distintas que se utilizaron
para: extracciéon de DNA, congelar el pase 0 de cada colonia y continuar con el

cultivo de células.

Western Blot

Las células C33-VV, C33-E616 y C33-E716 fueron cultivadas en placas de 60 mm
y 24 h después, fueron lisadas utilizando 300 pL de buffer RIPA (100 mM Tris pH
8.0, 50 mM NaCl2, 0.5% Nonidet P-40) adicionado con un coctel de inhibidores de
proteasas de acuerdo a las instrucciones del proveedor (Roche, Basilea, Suiza). Un
total de 20 pg de extractos proteicos fueron analizados mediante geles SDS-PAGE
al 10 y 12% que fueron posteriormente transferidos a una membrana de
nitrocelulosa de 22 um (Bio-Rad, Hercules, CA, EUA). Las membranas fueron
blogueadas con 10% de leche disuelta en TBS con 0.1% Tween 20 (Biorad, CA,
EUA) durante 1 h a temperatura ambiente y seguida de una incubacion con
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anticuerpos primarios anti-HA (Cell Signaling, Danvers, MA, EUA) y anticuerpo anti-
H4 (Cell Signaling, Danvers, MA, EUA) diluidos 1:1000 y 1:20 000, respectivamente.

Después de lavar tres veces con Tween 20 al 0.1% en TBS, las membranas fueron
incubadas con anticuerpo secundario anti-raton conjugado con HRP (Santa Cruz,
Bio., Dallas, TX, EUA) a una dilucion 1:10 000. Las proteinas fueron visualizadas
utilizando el Clarity™ Western ECL Substrate (Bio-Rad, Hercules, CA, EUA), de
acuerdo con las instrucciones del fabricante. Posteriormente, las membranas fueron
visualizadas y analizadas en el iBright FL1500 imagining system (Invitrogen,
Waltham, MA, EUA).

Inmunofluorescencia

Las células estables C-33 A fueron sembradas sobre cubreobjetos en placas de seis
pozos. Después de 24 h, las células fueron fijadas utilizando paraformaldehido al
3.7% en PBS con 0.1% de Triton-X100. Después, las células fueron bloqueadas
utilizando una solucion de BSA al 0.3% y se incubaron durante toda la noche a 4°C
con anticuerpo anti-HA (Cell Signaling, Danvers, MA, EUA) diluido 1:50. Las células
fueron lavadas con PBS e incubadas con anticuerpo secundario anti-conejo
conjugado a Alexa-488 (Invitrogen, Waltham, MA, EUA) diluido 1:700. Los
portaobjetos fueron lavados con PBS y montados con medio de montaje Vectashield
antifade adicionado con DAPI (Vector laboratories, Burlingame, CA, EUA). Las
células fueron analizadas con el microscopio de fluorescencia EVOS FL (Invitrogen,
Waltham, MA, EUA).

RNAseq y analisis de datos

El RNA total fue extraido a partir de células C33-VV, C33-E616, y C33-E716
utiizando RNeasy mini kit (Qiagen, Hilden, Alemania) de acuerdo con las
instrucciones del fabricante. Tres experimentos independientes fueron realizados
para cada una de las distintas lineas estables. Una vez verificada la integridad del
RNA utilizando el equipo Bioanalyzer 2100 system (Agilent, Santa Clara, CA, EUA),
la preparacién de bibliotecas y secuenciacién fue llevada a cabo por Novogene

Bioinformatics Technology Co., Ltd. (Sacramento, CA, EUA). Los resultados
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obtenidos fueron alineados contra el genoma humano de referencia GRCh38 y los
analisis de expresion diferencial fueron obtenidos comparando C33-VV contra C33-
E616, asi como C33-VV contra C33-E716 utilizando DESeq2 R package (1.16.1).
Los genes con p ajustada < 0.05 fueron considerados como diferencialmente
expresados. Los andlisis de enriquecimiento a partir de los genes diferencialmente
expresados fueron implementados mediante clusterProfiler en R para Gene
Ontology (GO) (Carbon et al., 2021; Gene Ontology Resource, 1999), las vias de
sefalizacion de la Encyclopedia of Genes and Genomes (KEGG) (KEGG: Kyoto
Encyclopedia of Genes and Genomes, 1995) y para Reactome (Reactome Pathway
Database, 2023). Procesos con p ajustada < 0.05 fueron considerados como

significativamente enriquecidos con genes diferencialmente expresados.

Analisis de datos de The Cancer Genome Atlas

Datos obtenidos a partir de 309 muestras cervicales de The Cancer Genome Atlas
(TCGA) fueron obtenidos usando Bioconductor package TCGABiIolinks (Colaprico
et al., 2016). El andlisis de expresion diferencial fue realizado comparando entre
tejido normal y muestras de tumores usando DESeq2 package (Love et al., 2014) y
considerando a aquellos transcritos con una p ajustada < 0.05 como
estadisticamente significativa.

RT-gPCR

Las células fueron sembradas en placas de 60 mmy 24 h después, el RNA total fue
extraido utilizando RNeasy mini kit (Qiagen, Hilden, Alemania). El RNA obtenido fue
tratado con el kit DNase-Free DNA removal (Ambion, Austin, TX, USA) y 1000 pg
de RNA fueron reverso-transcritos con hexameros aleatorios usando GeneAmp
RNA PCR Core Kit (Applied Biosystems, Waltham, MA, EUA). Los oligonucle6tidos
utilizados para la amplificacién de los distintos blancos analizados se muestran en
la Tabla 3. Para la reaccion de PCR cuantitativa (QPCR), se utiliz6 Maxima SYBR
green/ROX gPCR Master Mix (2x) (Thermo Scientific, Waltham, MA, EUA). Los

resultados se presentan como cuantificacion relativa utilizando el método de AACt.
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Muestras cervicales

Una cohorte de muestras obtenidas de pacientes mexicanas con epitelio normal y
con lesiones cervicales premalignas fueron utilizadas para evaluar la expresion de
RIPOR2. Dicha cohorte se compone de 17 muestras cervicales normales negativas
a VPH, 7 muestras con epitelio normal pero positivas a VPH, 20 lesiones
premalignas de bajo grado y 15 de alto grado, todas provistas por el Instituto
Nacional de Salud Publica (INSP). Ademas de esto, 19 muestras de cancer cervical
obtenidas del banco de tumores del Instituto Nacional de Cancerologia (INCan) de
la CDMX fueron incluidas. El protocolo fue revisado y aceptado en febrero de 2017
por el comité Cientifico y de Etica del INCan Ref. (017/007/IBI)(CEI/1144/17).

Andlisis estadistico

Los datos mostrando los efectos de E6 y E7 de VPH-16 sobre los niveles
transcripcionales de RIPOR2 se presentan como la media £ DS. Los analisis fueron
realizados utilizando el software GraphPad Prisma 5; la p fue calculada mediante la
prueba de t de student y las diferencias fueron determinadas como significativas
cuando p < 0.05. Para determinar la expresion de RIPOR2 en lesiones premalignas
comparadas con muestras cervicales normales, el analisis estadistico fue realizado
utilizando la prueba U de Mann-Whitney. Para el andlisis de sobrevida, los datos
clinicos y de seguimiento de 309 pacientes del TCGA fueron obtenidos utilizando
TCGABIolinks package. Para cada gen evaluado, los pacientes fueron divididos en
dos grupos, alta o baja expresion, a partir de la mediana de expresion. La
supervivencia global de los pacientes, dependiente del gen analizado, fue calculada
utilizando el estimador Kaplan-Meier. La comparacion de las curvas de
sobrevivencia para ambos grupos fue realizada utilizando la prueba de log-rank.
Después, realizamos un analisis de regresiéon de Cox univariado y multivariado

utilizando el R survival package. Una p < 0.05 fue considerada como significativa.
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RESULTADOS

Desarrollo de un modelo celular de cancer cervical con expresion estable de
las proteinas E6y E7 de VPH-16

Para generar el modelo celular con expresion de las proteinas E6 y E7 de VPH-16,
se clonaron los ORFs correspondientes a los genes virales E6 y E7 en un vector de
expresion. Las secuencias de los genes virales fueron amplificadas a partir de DNA
proveniente de linea celular Ca Ski, utilizando los primers EcoRI-HA-E616 Fwd/
Bgolll-E616 Rev para la amplificacion de E6 y EcoRI-HA-E716-Fwd/ Bglll-E716-Rev
para E7. Es importante resaltar que en la secuencia de los oligonucleétidos Fwd (57)
se agrego la secuencia especifica para la endonucleasa EcoRIl y la secuencia
codificante del tag HA, lo que permitié obtener proteinas virales con fusion a HA en
el extremo amino terminal y su deteccién mediante anticuerpos anti-HA. Por otro
lado, los primers Rev (3) contenian la secuencia para el corte con la enzima BglIl.
Los primers disefiados, asi como el tamafio del amplificado obtenido mediante PCR

se muestran en la Tabla 3.

Los productos amplificados de E6 y E7 fueron clonados en el vector p3XFLAG-
CMV-10 (Figura 6), utilizando las enzimas de restriccion EcoRI y Bglll asi como una
enzima ligasa, de acuerdo con lo especificado en la seccion de métodos. Los
plasmidos obtenidos fueron denominados p3x-FLAG-HA-E616 (E616) y p3x-FLAG-

HA-E716 (E716). El control, correspondiente al vector vacio, se denominé VV.

Los tres diferentes vectores fueron transfectados por separado en células C-33 A,
las cuales se seleccionaron con G418 y se diluyeron para obtener colonias
provenientes de una sola célula y asi generar lineas celulares clonales. Cada una
de las clonas utilizadas fue identificada con las coordenadas del pozo de la placa
en la que crecieron (A.2, C.4, D.3, etc) y cuando fueron lo suficientemente grandes,

se extrajo DNA.
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p3XFLAG-CMV-10 (6.4 kb)

Hind i
Not |
EcoR |
Bgl Il
EcoR V
Kpn |
Xba |
BamHI

Promotor CMV. PoliA de hGH
Origen de SV40
Origen de f1
N-Terminal neo’
, p3XFLAG-CMV

amp
PoliA de
SV40

Origen de pBR322

SITIO DE CLONACION MULTIPLE

3XFLAG Peptide Sequence
Met* | Asp Tyr Lys Asp His Asp Gly Asp Tyr Lys Asp His Asp Ile

ATG GAC TAC AAA GAC CAT GAC GGT GAT TAT AAA GAT CAT GAC ATC

TAC CTG ATG TTT CTG GTAR CTG CCA CTA ATA TTT CTA GTA CTG TAG
3XFLAG Peptide Sequence

Asp Tys Lys Asp Asp Asp Asp Lys Not I EcoR|

GAT TAC AAG GAT GAC GAT GAC A‘AG CTT GC|G GCC GCG ‘AAT TCA TCG ATR

CTA ATG TTC CTA CTG CTA CTG TTC GA|A CGC CGG|CGC TTA A‘GT AGC TAT
Hind Il

Bglll EcoR V Kpnl Xball Bam HI

GAT CTG ATA TCG GTA C|CA GTC GAC TICT AGA G[GAR TCC CGG GTG

CTA GAC TAT AGC |CAT GGT CAG CTG AGA TCT CCT AGG CCC CAC
Figura 6. Vector p3XFLAG-CMV-10. Se muestra el mapa del vector donde se identifican
las secuencias de origen de replicaciéon, poliadenilacion, promotora y de resistencia a
antibioticos. Sobre la secuencia del sitio de clonacion multiple, se identifican la secuencia

codificante del péptido tag 3XFLAG vy el sitio de corte para las enzimas de restriccion.
Imagen modificada del proveedor.

A partir del DNA gendmico obtenido de cada colonia y utilizando los primers para la
amplificacion de los ORFs E6 y E7, se realizd una PCR punto final para evaluar la
presencia de los genes virales en tres colonias con el VV, tres con E616 y dos con
E716. Los resultados demostraron que todas las células transfectadas con E616

contenian sélo el gen E6, que las células transfectadas con E716 solo contenian
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secuencias del gen E7, mientras que las células con el VV no mostraron

amplificacion para ninguno de los ORFs virales (Figura 7).
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Figura 7. Amplificacion de E6 y E7 a partir del DNA de las colonias resistentes. Se
muestran los resultados de una PCR punto final visualizada en un gel de agarosa al 1%. La
PCR a partir de DNA gendmico de tres colonias resistentes para VV, tres para E616 y 2
para E716. Las columnas (p.e. A.2, C.1, D.3, etc.) indican la posicion en la placa de 24
pozos en la que crecid la colonia resistente. El control positivo (+) corresponde a DNA
gendémico obtenido de la linea celular Ca Ski, mientras que el control negativo (-)
corresponde a una reaccion sin DNA y utilizando agua para completar el volumen final de

la reaccion. El marcador de peso molecular corresponde a 100 pb. VV denota al vector
vacio.

Una vez que se verifico la presencia de las secuencias virales en las colonias
correspondientes, comprobamos la expresion de los genes de VPH a nivel de RNA
y de proteina en dos colonias con VV, dos con E616 y dos con E716 (Figura 8).
Debido a que se ha comprobado el efecto de factores de crecimiento sobre la
regulacion del splicing del mRNA para E6, modulando la proporcion de E6/E6*
(Rosenberger et al., 2010), evaluamos la expresion de los transcritos y proteinas
virales en presencia y ausencia de suero. Los resultados obtenidos mediante RT-
PCR (Figura 8 A), mostraron patrones similares a simple vista en los transcritos para
las isoformas de E6, tanto en presencia como en ausencia de suero. Para el caso
de las proteinas virales (Figura 8 B), se observo un ligero incremento en los niveles
de expresion de la proteina E6 completa en presencia de suero, comparado con los

niveles de esta proteina en ausencia de suero; debido a esto, todos los
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experimentos restantes se llevaron a cabo en presencia de suero. Posteriormente,
una colonia con cada uno de los vectores (VV, E616 o E716) fue elegida para los
experimentos siguientes, en el caso de E6, se eligi6é la colonia que mostré una
mayor presencia de E6* que de E6 completo, patron que corresponde con lo

reportado anteriormente para la linea celular Ca Ski (Rosenberger et al., 2010).

A
c/suero s/suero
RT-PCR \A% E616 E716 Vv E616 E716
Primers A2 A3 C1 C3 D3 D4 A2 A3 C1 C3 D3 D4 Tt -
* - E6 499pb *
3 a o o v 317pb
o= b @ R 200pb
w
-
340pb
2 ! - - p
w - . - - — - - - -
¢/ Suero s/ Suero
B
vV E616 E716 Vv E616 E716
A2 A3 C1 C3 D3 D4 A2 A3 C1 C3 D3 D4
— - - T —— E6 *
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t
<
| - 16 kDa
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N=d *
i)
3
o
b
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K]
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— —— —————— v wwww | GAPDH 37 kDa

Figura 8. Patrones de expresiéon de los ORFs para E6 y E7 en células C-33 A en
presenciay ausencia de suero. A) A partir del RNA total obtenido de las distintas lineas
celulares clonales denotadas como A.2, A.3 (con VV), C.1, C.3 (con E616) y D.3, D.4 (con
E716), la retro-transcripcion de este RNA y la amplificacion del cDNA, se evalud la
expresion de los transcritos generados a partir de los ORFs E6 y E7. El control positivo (+)
corresponde a DNA gendmico obtenido de la linea celular Ca Ski, mientras que el control
negativo (-) corresponde a una reaccion sin DNA vy utilizando agua para completar el
volumen final de la reaccién. El marcador de peso molecular utilizado es de 100 pb; B)
Western Blot utilizando un anticuerpo anti-HA, tag de fusion a las proteinas E6 y E7, para
la identificacién de ambas oncoproteinas en las distintas lineas celulares especificadas en
la imagen. La deteccién de la proteina GAPDH mediante un anticuerpo especifico fue
utilizada como control de carga. VV corresponde al vector vacio.
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Finalmente, la expresion de los genes virales se muestra a nivel de RNA (Figura 9
A) y de proteina (Figura 9 B). Como se esperaba, la expresion de E6 completo, asi
como de sus isoformas E6* y E6*ll fue detectada en la linea celular C33-E616,
mientras que las células C33-E716 solo expresaron transcritos para E7. Cabe
resaltar que los niveles de la proteina E6 completa fueron poco perceptibles,
mientras que la isoforma E6* fue muy abundante. Un andlisis de epifluorescencia
mostrd que tanto E6 como E7 se expresaron en todas las células con E616 y E716,
respectivamente, confirmando que el modelo con expresion estable de las

oncoproteinas fue desarrollado exitosamente (Figura 9 C).

A M VW E616 E716 + - B w E616 E716

© <E6 499 pb

5 - o=memn o= <E6* 317pb

i <E6*ll 200pb 8 72k
<
I

© "

- = — — <E7 340pb =0 E6* 16 KDa

w

2 —— - e <18S 149pb

- anm Sud Sl 2 11KDa

C DAPI HA MERGE

Figura 9. Expresion estable de E616 y E716 en células C-33 A. A) Patrones de expresion
generados a partir de los ORFs para E6y E7. A partir del RNA total obtenido de las distintas
lineas celulares evaluadas (C33-VV, C33-E616 y C33-E716), la retro-transcripcion de este
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RNA vy la amplificacién del cDNA especifico (RT-PCR), pudimos observar la expresién del
MRNA de E6, E6* y E6*Il solo las células C33-E616, asi como del mRNA de E7 solo en
células C33-E716. La expresion de 18S fue utilizada como control interno. El control positivo
(+) corresponde a una RT-PCR a partir de RNA obtenido de la linea celular Ca Ski, mientras
que el control negativo (-) corresponde a una reaccion sin acidos nucleicos y utilizando agua
para completar el volumen final de la reaccion. El marcador de peso molecular (M) utilizado
corresponde a 100 pb; B) A partir de extractos proteicos de las tres lineas celulares estables
(C33-VV, C33-E616 y C33-E716), se realiz6 un WB utilizando un anticuerpo anti-HA, lo que
permitié la deteccion de las proteinas E616 o E716 fusionadas al tag HA en las dos lineas
celulares con expresion de cada una de las oncoproteinas. La expresion de la proteina H4
fue verificada como control de carga utlizando un anticuerpo anti-H4; C)
Inmunofluorescencia utilizando un microscopio de epifluorescencia. DAPI fue utilizado para
la deteccion del nicleo (en azul) y anticuerpo anti-HA para la deteccion de las oncoproteinas
E6 y E7 (en verde), la barra de la escala representa 100 um. Se muestra una imagen
representativa de los experimentos.

Las proteinas E6 y E7 de VPH-16 modifican la expresién génica en células de
cancer cervical

Para identificar los perfiles de expresion génica asociados con la presencia de los
oncogenes E6 y E7, se montaron tres ensayos independientes a partir de cada una
de las lineas celulares generadas: C33-VV, E616 y E617 y se obtuvo RNA total de
cada uno de estos ensayos. La integridad de este RNA se verificé mediante un gel
de agarosa al 1% (Figura 10 A) y la obtencién del RNA Integrity Number (RIN) (Tabla
4). Por otro lado, se corrobor6 la correcta expresion de los transcritos virales a partir
del RNA obtenido (Figura 10 B).

Una vez que la calidad del RNA fue verificada, se realizé un andlisis de
secuenciacion masiva de los transcritos expresados en los tres ensayos con las
células C-33 A establemente transfectadas con E616, E717 y VV. El promedio de
los resultados de expresiéon obtenidos por grupo, evidencian las diferencias entre
los patrones de expresion de cada una de las tres lineas celulares generadas
(Figura 11).
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Figura 10. Verificacion de lacalidad de RNA utilizado para el ensayo de secuenciacion
de transcritos. A) Electroforesis en gel de agarosa al 1% para el RNA obtenido a partir de
cada uno de los ensayos sembrados por triplicado (N1, N2 y N3) para las tres lineas
celulares generadas. Se muestra el RNA 28 y 18 S; B) RT-PCR para verificar la correcta
expresion de los transcritos para E6 y E7 en las lineas celulares correspondientes. La
expresion de 18S fue utilizada como control interno. El control positivo (+) corresponde a
DNA gendmico obtenido de la linea celular Ca Ski, mientras que el control negativo (-)
corresponde a una reaccion sin DNA y utilizando agua para completar el volumen final de
la reaccién. ElI marcador de peso molecular utilizado corresponde a 100 pb. VV denota al
vector vacio.

Tabla 4. RNA Integrity Number o RIN para cada una de las
muestras de RNA utilizadas para el analisis de RNAseq.

Muestra de RNA RIN
VV_N1 9.6
VV_N2 9.7
VV_N3 9.7
E616_N1 9.7
E616_N2 9.9
E616_N3 9.8
E716_N1 10
E716_N2 10
E716_N3 9.9
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Después de observar los patrones generales de expresion, se realizo un analisis de
expresion diferencial comparando los niveles de expresion génicos (Log2 FC) en
C33-E616 y C33-E716 en relaciéon con C33-VV. Un total de 2,689 genes se
expresaron diferencialmente de forma significativa (p-adj < 0.05) en presencia de
E6. De estos genes, 1,520 fueron incrementados mientras que 1,169 fueron
disminuidos (Figura 12 A). Cuando se comparo a las células C33-E716 contra C33-
VV, la expresion de 2,018 se mostro desregulada significativamente (p-adj < 0.05),
la expresion de 1,108 incremento y la de 910 disminuyo en presencia de la proteina
viral (Figura 12 B).

En la Tabla 5, pueden consultarse los 20 genes cuya expresion fue
mayoritariamente incrementada y los 20 genes para los cuales la expresion
disminuy6 de forma significativa (log2 FC p<0.001) tanto en presencia de la proteina
E6 como de E7. Cabe resaltar que varios de los genes afectados son incrementados
o disminuidos por ambas proteinas en el mismo sentido, por ejemplo: la expresion
de ROBO2 se incrementa por E6 y E7, 5.3097 (p=0) y 4.7807 (p=1.0822?),
respectivamente; mientras que la expresion de ALDH1A1 disminuye por efecto de
ambas proteinas, E6 -6.4088 (p=0) y E7 -8.5927 (p=0).

Estos resultados evidencian el efecto de ambas proteinas en un modelo de cancer
cervical y proveen gran cantidad de valiosa informacién para el estudio individual de

cada una de las proteinas virales o el efecto conjunto que estas podrian tener.

Procesos celulares y vias de sefializacion modificados por E6y E7 de VPH-16
Para identificar las vias de sefializacion y los procesos bioldgicos significativamente
afectados por la expresion de E6 y E7 en células C33-A, se realiz6 un analisis de
enriguecimiento utilizando la informacion de tres diferentes bases de datos: Gene

Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) y Reactome.
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Figura 11. Patrones de expresion de las células C33-VV, C33-E616 y C33-E716. Mapa
de calor que muestra la expresion diferencial de los genes Log2(FPKM+1) en las tres
distintas condiciones de las columnas: Vector vacio o VV, E616 y E716. Cada fila representa
la expresion de un gen. El color rojo indica el incremento en los niveles de expresion y el
color azul la disminucion de esta, mientras que el blanco refiere ninglin cambio significativo
0 ausencia de datos. La agrupacion jerarquica se muestra en la parte superior de la figura
de acuerdo con los patrones transcripcionales de cada condicion, mostrando que las células
gue expresan a las oncoproteinas son mas cercanas entre ellas que aquellas con el vector
vacio. Al lado izquierdo de la imagen se muestra la agrupacion de los genes basada en la
similitud de sus patrones de expresion.
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Figura 12. Genes diferencialmente expresados por E616 y E716 en células C-33 A.
Gréfico de Volcan que ilustra los genes significativamente (p-adj < 0.05) desregulados en
células A) C33-E616 y B) C33-E716, comparados con las células C33-VV. Los genes cuya
expresion incrementé se muestran con un punto color rojo, mientras que aquellos genes
cuya expresiéon disminuy6 se observan como un punto verde. VV denota al vector vacio.

Tabla 5. Genes cuya expresion mostré mas veces de cambio (sobreexpresion y disminucién de
la expresidn) en presencia de E6 y E7 del VPH-16 en células C-33 A.

SOBREEXPRESION

E616 E716
log2 ; Producto log2 ; Producto
Gen FC p-ajust proteina/RNA Gen FC p-ajust proteina/RNA
ROBO2 5.30 0 Receptor ROBO2 | HIST1H3I 5.35 | 1.24108 Histona H3.1
HIST1H3I 513 | 1167 | HistonaH31 | KCNQIOTL | 511 [ 4.70% | RMA :?(“Csr\elgfo 2
179 | Transportador de
RORB 5.12 0 Receptor RORB SLC16A3 4.94 1.91 monocarboxilato 3
HIST1H2AL 451 2.49°133 Histona H2AL ROBO2 4,78 1.08222 Receptor ROBO2
224 | Transportador de -101 istrofi
SLC16A3 4.45 1.38 monocarboxilato 3 DMD 4,75 1.52 Distrofina
-140 . - 67 LncRNA
DMD 4.38 1.28 Distrofina CASC19 3.77 1.28 LINCO1245
) . Factor eucarionte
KCNQLOTL | 4.14 | 343104 [ RNA earl‘g'csﬁg'f" 2 | EEF1A2 3.66 | 2.2122° | de elongacion de
la traduccion 1 a 2
PRSS12 3.65 0 Se””afzmteasa CASCS8 3.27 | 1.943 | IncRNA CASC8
AK5 3.50 1.7578 | Adenilato cinasa5 | CPED1 3.26 | 1.1492 CPED1
111 INcRNA 57 | Jagged 2 Ligando
CASC19 3.45 1.07 LINCO1245 JAG2 3.07 1.39 canénico de Notch
CPED1 3.17 5.88124 CPED1 HIST1H2AL 2.98 7.16% Histona H2AL
Factor eucarionte
EEF1A2 3.14 0 de elongacién de | FBLN1 2.91 | 3.2538 Fibrilina 1
la traduccién 1 a 2
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Laminina 3

-82 [ -47
GREM1 2.99 8.48 Gremlin-1 LAMC3 2.74 1.25 subunidad gamma
Proteina G
GNAT3 260 | 1511% |  subunidada | CRACR2B 251 | g.7g0 | ReGUAdOrCRAC
transducina 3
Molécula de
HIST1H1B 2.58 454184 Histona H1.5 BCAM 241 1.15% adhesion de
células basales
65 | Jagged 2 Ligando 46 Receptor de IP3
JAG2 2.40 3.29 canonico de Notch ITPR3 2.39 1.90 isoforma 3
SCG2 2.30 | 3.93169 | sSecretograninall | FAM171B 2.19 | 3.60°t FAM171B
CRACR2B | 225 | 6.80%1 | ReQUAdOTCRAC | ais 215 | 6.69% | Adenilato cinasa 5
Factor de
35 Laminina 3 16 transcripcion con
LAMC3 2.06 1.98 subunidad gamma POUS5F2 2.09 7.07 dominio POU 2
clase 5
. Proteina
TBC1D4 2.05 | 855 | 1BHLDOmMAN | papsg 207 | 34711 | relacionada con
amily Member 4 R
as Rab-36
DISMINUCION DE LA EXPRESION
E616 E716
log2 . . log2 . .
Gen FC p-ajust Proteina Gen FC p-ajust Proteina
Inhibidor 2 de la Desﬁ!gfg‘éggasa
TFPI2 -6.61 0 wat?slljlfaarctor ALDH1A1 -8.59 0 miembro de la
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ALDHIA1 | -6.40 0 Deshidrogenasa | gypq 836 | o0 embrana
’ miembro de la ) itelial
familia AL epitelial 1
ANXA1 -5.86 0 Anexina A1 ANXA1 -8.30 0 Anexina Al
Inhibidor 2 de la
SYT1 -5.66 | 2.742%2 | Sinaptotagminal | TFPI2 -6.41 | 2.04276 via del factor
tisular
VIM -5.30 0 Vimentina VIM -5.92 0 Vimentina
Subunidad Delta
CUBN -5.15 0 Cubilina CAMK2D -5.73 | 5.34253 | de lacinasa CaM
11
NAV3 5.02 | g.7gee | NeuronNavigator | ¢ygy 5.66 | 8.03270 Cubilina
) 183 : B 128 | Cadena alfa 1 del
KITLG 4.67 | 1.17 Liando KIT COL11A1 5.33 | 1.33 colageno tipo XI
DACH2 -4.63 | 3.481%7 DACH2 DACH2 -5.31 | 2.06°102 DACH2
Sprouty RTK
SPRY2 -4.42 | 1.36211 Signaling KITLG -5.11 | 1.92°131 Liando KIT
Antagonist 2
Proteina con Proteina asociada
- -157 _ 94
FRMD3 4.26 | 9.58 dominio FERM 3 DPPA2 4.95 | 2.49 a Qesarro_llo
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Regulador de la
MARCKS -4.12 | 2.76110 Fosfomiristina RGS5 -4.95 | 7.962% | via de proteinas G
5
} 219 Factor de ) 95 . .
F3 3.98 | 8.04 Coagulacién Il ANGPT1 4.88 | 4.94 Angiopoyetina 1
Ligando canénico Proteina con
- -107 - -91
JAG1 3.84 | 1.01 de Noctch 1 PLXDC2 4.88 | 3.83 dominio plexina 2
Jagged
Proteina Factor de
_ -83 - -166
ARAP2 3.79 5.84 adaptadora 2 de F3 4.68 | 6.53 Coagulacion II

Arfy Rho GAP
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Molécula de

. -90 ; B -88
ARSJ 3.73 | 6.86 Arilsulfatasa J CADM1 4.61 | 3.45 adhesion celular 1
5 LncRNA . Ligando canonico
AC024909.2 | -3.72 | 2.56 AC024909 2 JAG1 -458 | 6.34 de Noctch 1
) Jagged
) .81 | Histona H2B tipo 1 _ 110 Proteina con
HIST1H2BH 3.57 | 4.62 H FRMD3 457 | 2.45 dominio FERM 3
Subunidad Delta Proteina
CAMK2D -3.54 0 de la cinasa CaM | ARAP2 -4.56 | 4.86°8 adaptadora 2 de
1 Arfy Rho GAP
TRIM17 351 | 1.37¢68 | E3ubiuitnligasa | ;) peys 455 | 2.18% | Fosfomiristina

TRIM17

El analisis realizado a partir de datos de GO, mostrd que los genes desregulados
por E6 estan involucrados en diversos procesos que se relacionan con ribosomas y
localizacion de proteinas, asi como catabolismo de RNA (Figura 13 A). De forma
importante, el andlisis de KEGG también mostré que las vias que incluian mas
genes desregulados fueron aquellas relacionadas con ribosomas, pero también se
identificaron vias relacionadas con metabolismo del carbono (Figura 13 C). De
forma muy interesante, el analisis a partir de datos de Reactome, también mostro
que E6 se involucra principalmente con la desregulacién de diversos procesos
relacionados con traduccion, asi como con la via de sefalizacion SLIT/ROBO
(Figura 13 E). Tomando en cuenta los resultados obtenidos, podemos decir que el
efecto de E616 sobre diversos genes relacionados con el proceso de traducciéon a

diferentes niveles, fue muy evidente.

Por otro lado, los genes desregulados por la expresion constitutiva de E716 en
células C33-A se relacionaron con uniones y motilidad celulares, aunque también
un gran numero de estos se asociaron con proteinas que tienen actividad cinasa de
serina/treonina, esto de acuerdo con el analisis obtenido a partir de datos de GO
(Figura 13 B). Mientras tanto, el analisis de KEGG mostr6 que la expresion
constitutiva de E716 en células C33-A desreguld genes relacionados con diversas
vias de sefalizacion en cancer, incluyendo MAPK, PI3K/Akt, entre otras; aunque
también se observaron algunos procesos relacionados con uniones celulares
(Figura 13 D). Por otro lado, el analisis obtenido a partir de Reactome, evidencio
que los procesos modulados significativamente estuvieron relacionados con

interacciones de la célula, tanto con sindecano como con la matriz extracelular
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(Figura 13 F). Los resultados obtenidos mostraron de forma constante, que E7 tiene

un efecto sobre procesos involucrados con las uniones celulares de distintos tipos.
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Figura 13. Analisis de enriquecimiento de los genes diferencialmente
(GDE) en células que contienen a las oncoproteinas E616 y E716. Se muestran las
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realizado utilizando: datos de GO para células que expresan (A) E6y (B) E7; dato del KEGG
para (C) E616 y (D) E716; Reactome para (E) E6 y (F) E7. Los procesos significativamente
(p-adj < 0.05) desregulados se muestran en color rojo. Los conteos se refieren al nimero
de genes asignhados a un término. El Radio de gen se refiere al nimero de GDE dividido
entre el nimero de genes relacionados a cada categoria. Imagen tomada de (Olmedo-Nieva
et al., 2022).

Genes desregulados por E6y E7 que afectan la sobrevida global de pacientes
con cancer cervical

Inicialmente, se determinaron los genes afectados de forma significativa por la
expresion de ambas oncoproteinas, es decir, los genes cuya expresion incrementa
o disminuye tanto en presencia de E6 como en presencia de E7. Tomando en
cuenta los 2,689 genes desregulados significativamente por E6 y los 2,018 por E7,
identificamos 1,130 genes que fueron desregulados por ambas proteinas en las
lineas celulares estables desarrolladas a partir de C-33 A. Con estos datos, se

construyo el diagrama de Venn que se muestra en la Figura 14.

Debido a que ambas oncoproteinas virales se encuentran constitutivamente sobre
expresadas en CC, se compararon los 1,130 genes afectados tanto por E6 como
por E7 en nuestro modelo celular, con los genes desregulados en muestras de CC.
Utilizando datos obtenidos a partir de una cohorte de TCGA compuesta por 309
pacientes, se realizé un analisis de expresion diferencial utilizando la paqueteria
DESeg2. Los resultados del analisis revelaron que la expresion de 6,667 genes se
encontraba desregulada significativamente (p < 0.05) en CC y de estos, 335 genes
se compartieron con los genes desregulados tanto en células C33-E616 como en
C33-E716 (Figura 14).

Tomando en cuenta los 335 genes identificados, los pacientes fueron divididos en
alta o baja expresiébn a partir de la mediana de expresion de cada gen,
posteriormente, la sobrevida global de las pacientes fue calculada con el estimador
Kaplan-Meier para cada gen y la comparacion de sus respectivas curvas de
sobrevivencia se realizé con la prueba de log-rank. Con los resultados de este

estudio se identificaron 46 genes cuya alta o baja expresion afect6 la SG de las
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pacientes de forma significativa (p < 0.05). Después de esto, se llevo a cabo un
andlisis de regresion de Cox utilizando el R survival package, para analizar la tasa
de riesgos instantaneos o Hazard Ratio (HR) (Tabla 6). Mediante un andlisis
univariado, se observd que la expresion de 13 de estos genes afectd

significativamente (p < 0.05) el riesgo de supervivencia.

Debido a que la SG también se vio afectada por el estadio clinico, la dependencia
del estadio clinico fue analizada a través de un analisis multivariado para cada uno
de los 13 genes identificados. Los resultados mostraron que la expresion de solo
dos de estos 13 genes, moduld el riesgo de supervivencia independientemente del
estadio clinico. Los resultados mostraron que la alta expresion de RIPOR2
incrementd la SG (HR = 1.8, Cl1 1.00-3.25, p = 0.048), mientras que la alta expresion
de PFKFB4 disminuy6 la SG (HR = 0.50, CI 0.27-0.93, p = 0.029) (Tabla 6).

Los graficos de Kaplan-Meyer correspondientes al analisis de supervivencia,
tomando en consideracion la alta y baja expresion de PFKFB4 y de RIPOR2 en las
muestras de las pacientes con cancer cervical de TCGA se muestran en la Figura
15. La alta expresion de PFKFB4 (Figura 15 A) se asocié con una SG no favorable
(p = 0.0075), evidenciada por la disminucién de la mediana de sobrevida de 8.48
afos en pacientes con baja expresion de PFKFB4 a 5.57 afios en pacientes con alta
expresion. De forma contraria, la alta expresion de RIPOR2 mostré6 un efecto
protector (p = 0.0011) (Figura 15 B), ya que los pacientes con alta expresion
mostraron una mediana de sobrevida de 8.48, comparada con 5.57 afos en
pacientes que expresan bajos niveles de RIPOR2. Los resultados obtenidos,
evidencian que RIPOR2 y PFKFB4 estan desregulados en pacientes con CC y en
las lineas celulares C33-E616 y C33-E716, sugiriendo que su modulaciéon en CC es

al menos parcialmente debido al efecto de las oncoproteinas E6y E7.
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Figura 14. Genes desregulados en biopsias de pacientes con cancer cervical y en las
células C33-A que expresan constitutivamente a las oncoproteinas E6 o E7. El
diagrama de Venn de color amarillo y naranja muestra a los genes desregulados por E616
y por E716 en las células C-33 A establemente transfectadas; la interseccion de este
diagrama muestra 1130 genes significativamente modulados por ambas oncoproteinas. El
diagrama de Venn naranja y rosa, muestra 335 genes en la interseccion de los genes
modulados en CC y los genes desregulados por ambas oncoproteinas en las lineas
celulares. A partir de estos datos, un andlisis univariado mostré6 que 13 genes afectan
significativamente la SG (p < 0.05). El analisis multivariado demostré que la expresion de
los genes PFKFB4 y RIPOR2 afecté la SG de las pacientes independientemente del estadio
clinico (p < 0.05). El andlisis de regresion de Cox univariado y multivariado se realiz6
utilizando el R survival package. TCGA corresponde a The Cancer Genome Atlas.
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Tabla 6. Andlisis de regresién de Cox univariado y multivariado a partir de los genes que
afectaron la sobrevida global de las pacientes con cancer cervical en la cohorte de TCGA.
Gen Supervivencia Analisis univariado Analisis multivariado

Global HR (95% CI) p-value HR (95% Cl) p-value
SLC4A11 2 (1.2-3.5) 0.0081 1.42 (0.79-2.55) 0.228
NUP188 2 (1.2-3.4) 0.0097 1.10 (0.54-2.23) 0.773
CREM 2(1.2-3.3) 0.013 0.80 (0.40-1.62) 0.55
AP1B1 1.9 (1.1-3.1) 0.016 0.99 (0.52-1.88) 0.99
RIPOR2 2.4 (1.4-4.2) 0.0016 1.80 (1.00-3.25) 0.048
PFKFB4 0.5 (0.3-0.84) 0.0085 0.50 (0.27-0.93) 0.029
ccopia | Altavsbaja 1.9 (1.1-3.2) 0.015 | 1.14(0.56-2.30) | 0.704
expresion
BICDL1 1.9 (1.1-3.2) 0.015 1.16 (0.62-2.15) 0.629
RHOT?2 2 (1.2-3.4) 0.0073 | 1.44(0.74-2.79) | 0.278
NBEAL?2 1.9 (1.1-3.2) 0.016 1.27 (0.69-2.33) | 0.436
CPNE7 2.2 (1.3-3.7) 0.0033 1.55 (0.83-2.90) 0.165
FARSA 1.9 (1.1-3.2) 0.013 1.15 (0.55-2.40) 0.692
SHTN1 2.2 (1.3-3.7) 0.0033 | 1.46 (0.73-2.91) | 0.281
Estadio 1.5 (1.2-1.9) 0.0003 | 1.40(1.06-1.83) | 0.014
Clinico
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Figura 15. Anédlisis de sobrevida global (SG) mediante el estimador Kaplan-Meier a
partir de la expresién de PFKFB4 y RIPOR2 en las pacientes de la cohorte de TCGA.
A) Se observé que las pacientes con alta expresion de PFKFB4 mueren significativamente
(p = 0.0075) més rapido que las pacientes con baja expresion de este transcrito; B) Para el
caso de RIPOR2, se observé que las pacientes con baja expresion de este transcrito
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mueren significativamente mas rapido (p = 0.0011) que aquellas que presentaron una
mayor expresion de RIPOR2. Los datos obtenidos de pacientes con bajos niveles de mMRNA
se representan en color azul mientras que aquellos obtenidos de pacientes con altos niveles
en color rojo. La comparacion de las curvas de sobrevivencia para los grupos de alta y baja
expresion se realiz6 con la prueba de log-rank.

A PFKFB4 B RIPOR2
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Figura 16. Expresion de PFKFB4 y RIPOR2 en lineas celulares de cancer cervical. Se
muestran los resultados de la expresién de PFKFB4 o RIPOR2 obtenidos a partir de la
extraccion de RNA total, su retro-trascripcion y la amplificacion del cDNA especifico
mediante PCR en tiempo real para distintas lineas celulares de cancer cervical estudiadas.
Niveles de expresion relativa de A) PFKFB4 y B) RIPOR2 en las tres lineas celulares
generadas (C33-VV, C33-E616 y C33-E716); C) Niveles de expresion relativa de RIPOR2
en las lineas C-33 A, SiHa y Ca Ski. Cada grafico es un experimento representativo de tres
independientes que fueron realizados. La estadistica se realiz6 comparando los resultados
de expresion obtenidos en las células C33-VV o C-33 A, comparados con las demas
condiciones experimentales mostradas en cada inciso. El andlisis de resultados se llevo a
cabo en GraphPad prism, media = DS, utilizando la prueba de t de Student, *** p < 0.0001.
VV. Vector vacio.
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Los niveles de expresion de los transcritos para PFKFB4 y RIPOR2 se
encuentran afectados en las lineas celulares que expresan E6y E7

Para validar los resultados obtenidos en el analisis de RNAseq, los niveles
transcripcionales de PFKFB4 y de RIPOR2 fueron analizados mediante RT-gPCR
en células C-33 A que expresaban E6 y que expresaban E7. Estos valores fueron
comparados con células transfectadas con el vector vacio (VV). Para el caso de
PFKFB4, se observo un ligero incremento en su expresion en presencia de E6 y de
E7, aunque dichos cambios no fueron significativos como se muestra en la Figura
16 A. En contraste, los niveles de RIPOR2 fueron evidentemente abatidos por la
expresion de ambas oncoproteinas (p < 0.0001) (Figura 16 B). Esos resultados
fueron comparables con aquellos obtenidos para la expresiéon de RIPOR2 en el
analisis de RNAseq, ya que los niveles de expresion fueron Log2 FC —-2.622 (p =
7.167%°) y Log2 FC -3.839 (p = 4.327*%) para células que expresan E616 y E716,
respectivamente. Estos datos corroboraron el efecto de ambas oncoproteinas en la
disminucién de los niveles del mMRNA de RIPOR2 en células de CC, C-33 A.

A continuacion, la expresion de RIPOR2 fue analizada en lineas celulares de CC
que contienen secuencias de VPH-16. Como se muestra en la Figura 16 C, las
células SiHa, a pesar de mostrar una tendencia a la baja, no mostraron diferencias
significativas en los niveles de expresion de RIPOR2 en relacion con las células C-

33 A; sin embargo, las células Ca Ski practicamente no expresaron RIPOR 2.

Las oncoproteinas E6y E7 de VPH-16 disminuyen los niveles de seis variantes
transcripcionales de RIPOR2 en células C-33 A

De acuerdo con el National Center for Biotechnology Information (NCBI) (NCBI.
Gene RIPOR2, 2023), existen al menos siete variantes transcripcionales para
RIPOR2 que codifican para seis diferentes isoformas proteicas. A pesar de que el
transcrito 6 contiene 5403 pb y el transcrito 7 se compone de 5359 pb, ambos
contienen el ORF para la isoforma proteica 6, por lo que codifican para una misma
proteina (Tabla 7). Debido a que, hasta el momento, hay poca informacion

disponible sobre estas variantes (Dakour et al., 1997; Yoon et al., 2007), decidimos
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investigar el impacto de la expresion de las oncoproteinas E6 y E7 del VPH-16 sobre

los niveles de los distintos transcritos de RIPOR2.

Tabla 7. Transcritos y proteinas codificados a partir del gen RIPOR2.
Transcrito Longitud Tipo de Isoforma Longitud
(nt) transcrito proteica (aq)
1 5553 Codificante 1 1068
2 2372 Codificante 2 591
3 5295 Codificante 3 1047
4 3546 Codificante 4 647
5 3548 Codificante 5 613
6 5403 Codificante 6 1018
7 5359 Codificante 6 1018

Para esto, identificamos y descargamos las secuencias nucleotidicas de las 7
variantes transcripcionales y realizamos un alineamiento multiple de secuencias
utilizando Clustal Omega (Clustal Omega, 2023). A partir de los resultados de este
andlisis, identificamos las zonas compartidas y diferenciales entre las secuencias
de las distintas variantes y usando estos datos, disefiamos primers para detectar
las siete variantes transcripcionales de RIPOR2. Como se puede observar en la
Figura 17, los primers utlizados en los experimentos anteriores para la
cuantificacion de RIPOR2, identificados como “Pool”, detectaron todas las variantes
transcripcionales. Por otro lado, debido a la similitud entre algunas de las
secuencias de las variantes de RIPOR2, solamente fue posible disefiar primers
especificos para las variantes 1, 2, 3, 4 y 7 (Denotados con azul en la Figura 17).
Sin embargo, no existen secuencias especificas dentro de los exones o en las
uniones exonicas que puedan distinguir a las variantes 5 y 6, debido a esto, se
disefiaron primers capaces de detectar a la variante 5 (ademas de a la variante 4),
asi como primers que detectan a la variante 6 (pero también a la variante 1), estos
primers pueden observarse resaltados en color morado en la Figura 17. Las
secuencias de todos los oligonucledétidos utilizados para las variantes de RIPOR2

se especifican en la Tabla 3.
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RIPOR2 gen

2 4 6 8 10 12 4 16 18 20 2 A4 B ]
| ] 131677pp
1 3 5 7 9 M 1315 7 BA B B z -]

Variantes transcripcionales

1 [alel7Telolael 2222 23 s Ta5T26 Ja7 [ 18 [21 [ 22 [23 [ 2225 [26 [27 [28 [ 29 ] 5553pb
Var 6-1 (91 pb) Pool (96 pb) Var 1 (136pb)

2 [sTel7 e Teleo[ea 22 JaaJza Jas Ju6 [ J20] 2372 pb

Pool (96 pb) Var 2 (121pb)

3 [2]6 ] 7] s JoJroax12]a2 J1a [ 15 JaeJas[21]22]23]2a]25]26]27] 28] 29 |5295pb
Var 3 (133 pb) Pool (36 pb)

4 [2Te 7 Teleeofaaa22a T 22 Jos Jie Jas [ 2o 20 |3546pb
Var 4 (87 pb) Pool (96 pb) Var 5-4 (149 pb)

5 [5T6[7le]ol 20 [1i]22] 23] 24 J15]26 J18 [19 [20]|3548 pb

Pool (96 pb) Var 5-4 (149 pb)

6 [3sl 7Tl e Qoo 2xJa2]as] 24 o5 J26 JasJ2a]22 [23J2a J25 [26 J27 J2s | 29 |5403 pb
Var 6-1 (91 pb) Pool (96 pb)

7 [als] 7 T el o Jeo] 22 [22[2s] 1a Jas[26]28]21]22]23]2a]25]26]27]28] 22 |5359pb

Var 7 (99 pb) Pool (96 pb)

Figura 17. Gen humano de RIPOR2y sus variantes transcripcionales. La barra superior
gris muestra la posicion de los intrones en el gen RIPOR2, mientras los cuadros naranjas
enumerados denotan a los exones. Siete variantes transcripcionales se enlistan bajo el gen
en color amarillo, mostrando los nimeros de los exones que componen cada transcrito. Los
exones con numeros en color rojo son aquellos que se comparten por todos los transcritos.
Debajo de la representacion de cada variante transcripcional, se muestra la posicién de los
primers especificos y el tamafio esperado del amplicon. Los primers denominados Pool
amplifican una secuencia dentro de la regiébn comun entre transcritos (mostrado en rojo).
Los exones con los nimeros en negro se comparten solo entre algunos transcritos; por lo
tanto, los primers especificos para cada variante fueron disefiados sobre dichas zonas. Los
amplicones mostrados en color azul son aguellos que permiten la deteccién de las variantes
especificas, mientras los amplicones en color morado son compartidos por dos variantes
(variante 1y 6; variante 4 y 5).

Una vez disefiados los distintos pares de primers, los niveles basales de expresion
de las siete variantes transcripcionales de RIPOR2 fueron determinados en células
C-33 A mediante RT-gPCR. La Figura 18 A muestra la expresion de cada variante
transcripcional comparada con los niveles totales de los transcritos de RIPOR2,
detectados mediante los primers Pool. Los resultados mostraron que las variantes
mas abundantes fueron la 6 y la 5, las cuales, en relacion con los niveles totales de
RIPOR2 se detectaron 2.68 y 2.84 veces menos, respectivamente. La variante 3,

cuyos niveles fueron 4.95 veces menores que los detectados con los primers Pool,
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fue la siguiente variante mas abundante. Por otro lado, las variantes 1, 2 y 7
muestran niveles bajos en esta linea celular, los cuales fueron 200, 43.47 y 76.9
veces menores que los totales, respectivamente. De manera interesante, nosotros
no fuimos capaces de detectar a la variante 4 en células C-33 A, sin embargo, esta
se detectd en leucocitos humanos obtenidos a partir de un donador aparentemente
sano (Figura 18 B), demostrando que los primers disefiados amplifican

correctamente a la variante 4 y que esta no se expresa en C-33 A.
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Figura 18. Las variantes transcripcionales de RIPOR2 expresadas en células C-33 A.
A) Se muestran los resultados de la expresion de las 7 variantes transcripcionales de
RIPOR2 obtenidos a partir de la extraccion de RNA total, su retro-trascripcion y la
amplificacion del cDNA especifico mediante PCR en tiempo real (RT-gPCR) para la linea
celular C-33 A, comparados con los niveles detectados con los primers RIPOR2 Pool en la
misma linea celular; (B) Expresion de la variante 4 de RIPOR2 en linfocitos humanos
obtenidos a partir de un donador aparentemente sano comparada con la expresion en
células C-33 A mediante RT-gPCR. *** p < 0.0001, ** p = 0.0066.

Posteriormente, investigamos el efecto de la expresion de las proteinas E6 y E7
sobre los niveles de las siete variantes transcripcionales de RIPOR2 en las células
C-33 A establemente transfectadas (Figura 19). Al analizar el efecto de las
oncoproteinas sobre los niveles totales de los transcritos de RIPOR2 (Pool),
detectamos una dramatica disminucién de su expresion, ocasionados por la

expresion de E6 (50 veces) o de E7 (250 veces). Especificamente para las distintas
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variantes transcripcionales, la disminucion de los niveles del mRNA fue significativa
en presencia de cualquiera de las dos proteinas virales y esto, para todas las
variantes transcripcionales detectadas (1, 2, 3, 5, 6 y 7), incluso para aquellas
variantes que se expresan muy poco en esta linea celular. Las variantes 5y 6,
aguellas con mayor expresion, se redujeron 20 y 29.4 veces, respectivamente, en
células con expresion de E6, mientras que se redujeron 76.9 y 500 veces,
respectivamente, en células con E7. Notablemente, la variante 3 fue completamente
abatida en presencia de cualquiera de las dos oncoproteinas. Como esperabamos,
la expresion de la variante 4 no fue detectada en ninguna de las tres lineas celulares.
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Figura 19. Efecto de las oncoproteinas E616 y E716 sobre los niveles de las variantes
transcripcionales de RIPOR2. Los niveles de los transcritos 1-7 de RIPOR2 fueron
evaluados en células C33-VV, C33-E616 y C33-E716 mediante la extraccion de RNA total,
su retro-trascripcion y la amplificacién del cDNA por PCR en tiempo real, utilizando los
primers Pool y los primers especificos para las variantes transcripcionales. Las diferencias
estadisticas son *** p < 0.0009, ** p = 0.0029, y * p < 0.0166 cuando comparas VV contra
E616 o E716 para cada uno de los transcritos. VV corresponde al vector vacio.
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Una vez evaluados los niveles especificos para cada transcrito de RIPOR2 en
presencia de las oncoproteinas virales de forma individual quisimos evaluar los
niveles de estas variantes en las lineas celulares con el genoma completo de VPH-
16. Concordando con los resultados anteriormente obtenidos para los niveles
totales de transcritos de RIPOR2 en C-33 A, SiHa y Ca Ski, algunas de las variantes
se expresan en C-33 A y en SiHa, pero ninguna de ellas se expresa en Ca Ski
(Figura 20). De manera interesante, observamos que las variantes 5 y 6,
anteriormente identificadas como las mas abundantes en C-33 A (Figura 18), fueron
también las mas abundantes en células SiHa, que las variantes 2 y 7 se expresan
muy poco en ambas lineas celulares y que la variante 4 no se detecta en ninguna
de ellas. En contraste, las variantes 1y 3, las cuales si fueron detectadas en C-33
A, no se expresan en la linea celular SiHa (Figura 20). Cabe resaltar, que todas las

variantes tienden a expresarse ligeramente menos en las células SiHa que en las

C-33 A.
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Figura 20. Expresion de las variantes transcripcionales de RIPOR2 en lineas celulares
de cancer cervical. Los niveles de las 7 variantes transcripcionales de RIPOR2 fueron
evaluados en las lineas celulares de cancer cervical C-33 A (sin HPV), SiHa (con 1 a dos
copias de HPV-16) y Ca Ski (con 500 copias de HPV-16), a partir de la extraccion de RNA
total, su retro-trascripcion y la amplificacion del cDNA especifico por PCR en tiempo real,
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utilizando los primers Pool y los primers especificos para las variantes transcripcionales.
Los datos de expresion relativa fueron obtenidos fueron comparados con los niveles del
Pool en cada linea celular, *** p < 0.009, ** p < 0.0072, and * p = 0.0159. VV corresponde
al vector vacio.

La actividad de los promotores de RIPOR2 es menor en células de cancer
cervical comparada con epitelio cervical normal

Debido a que tanto E6 como E7, disminuyen los niveles de todas las variantes
transcripcionales detectadas en C-33 Ay a que los niveles de todas estas variantes
observadas en células SiHa, con 1 0 2 copias de VPH, tienden a ser menores que
en C-33 A, mientras que en Ca Ski, con cientos de copias virales, no se expresa
ninguna de las variantes, nos preguntamos si el efecto generalizado sobre todos los

transcritos podria estarse dando a nivel transcripcional.

Para evaluar esta hipoétesis, buscamos la secuencia del promotor del gen RIPOR2
utilizando la base de datos Eukaryotic Promoter Database (EPD) (EPD The
Eukaryotic Promoter Database, 2023). En la base EPD, identificamos que el gen
RIPOR2 posee 4 promotores dentro de su secuencia, cuya posicion sobre el
genoma puede observarse en el esquema general de la Figura 21, donde ademas
de la localizacion de los promotores, se muestran las islas CpG establecidas para
esta zona y las zonas con enriquecimiento de la marca H3K4me3, comUnmente
asociada con activacion transcripcional. En la parte inferior de la imagen también se

muestran los siete transcritos analizados.
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Figura 21. Localizacion de los promotores de RIPOR2 sobre el genoma humano. Se
muestran las posiciones para los cuatro promotores presentes en el gen de RIPOR2,
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denotados como pl, p2, p3y p4. En laimagen también se ejemplifican las posiciones donde
se ubican islas CpG y las zonas en las que la marca H3K4me3 se encuentra enriquecida.
En la parte inferior de la imagen se muestran los transcritos para las siete variantes
transcripcionales de RIPOR2 y con signos + o - en color rojo, se ejemplifica la expresion
que se encontrd para cada una de estas variantes en el presente estudio. Imagen
modificada a partir de (NCBI. Gene RIPOR2, 2023).

Interesantemente, la localizacion del promotor 1 (pl), concuerda con la localizacion
de una isla CpG y con una zona altamente enriquecida con la marca H3K4me3, lo
gue hace pensar que es un promotor altamente transcrito. Datos obtenidos del
proyecto FANTOMS, que contiene informacion sobre los perfiles completos de
expresion en lineas celulares y tejidos de distintas estirpes celulares (FANTOM.
Functional Annotation of the Mammalian Genome, 2014), concuerdan
perfectamente con la informacidén previamente obtenida. Utilizando los datos de
FAMTOMS, pudimos observar la expresion a partir de los 4 promotores de RIPOR2
en diversas lineas celulares provenientes de cancer cervical, en comparacion con
un pool de tejido cervical normal. Los resultados que se muestran en la Figura 22,
muestran que en general, el pool de tejido cervical mostr6 expresion en los
promotores 1, 2y 4, pero no en el 3, y que la expresion observada en los promotores
de tejido normal fue mayor que la expresion observada en cualquiera de las lineas
de céncer cervical. Finalmente, cabe resaltar que el pl es el que mostr6 mucha
mayor expresion, si se compara con los otros promotores, tanto en el tejido normal

como en las células de CC.

La expresién de RIPOR2 esta disminuida en lesiones premalignas y su baja
expresién en cancer cervical estd asociada con un peor prondéstico

Posteriormente, para poder observar los niveles de expresion de RIPOR2 en
pacientes mexicanas, no solo con cancer cervical, sino también con lesiones
intraepiteliales escamosas de bajo y alto grado (LIEBG y LIEAG, respectivamente)
asi como en muestras normales con y sin infeccién con VPH, llevamos a cabo una
extraccion de RNA a partir de las muestras y posteriormente realizamos una RT-

gPCR. Como se muestra en la Figura 23 A, la expresion de RIPOR2 es
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significativamente mas baja en LIEBG, LIEAG y muestras normales con infeccion

de VPH, en comparacion con muestras normales sin infeccién viral.

Promotor 1
« FANTOMS CAGE phase 1and2 human hg38 (q20 TPM, min 1TPM CTSS) chré 24909048..24913048 (4kb) % [3]

experiment name (12 / 1885) <- anti-sense sirand <> sense sirand ->
Ocervix, adult, pool1 : CNhs10618 ciss [q20_tpm]

Osquamous cell carcinoma cell line:JHUS-nk1 : CNhs11749 ctss [g20_tpm]

Oglassy cell carcinoma cell line:HOKUG : CNhs11824 ctss [q20_tpm]

Osmall cell cervical cancer cell line:HCSC-1 : CNhs 11885 ctss [q20_tpm)

Oargyrophil small cell carcinoma cell line:TC-YIK : CNhs11725 ctss [q20_tpm]
Oepitheloid carcinoma cell line: HelaS3 ENGODE, biol rep2 : CNhs12326 ctss [q20_tpm)]
Oepitheloid carcinoma cell line: Hela$3 ENCODE, biol rep1 : CNhs12325 ctss [q20_tpm]
Oepitheloid carcinoma cell line: HelaS3 ENCODE, biol rep3d : CNhs12327 ctss [20_tpm)]
Qcervical cancer cell line:ME-180 : CNhs11289 ctss [q20_tpm]

Ocervical cancer cell line:D98-AH2 : CNhs11288 ctss [q20_tpm] |
Qepidermoid carcinoma cell line:Ca Ski : CNhs10748 ciss [g20_tpm] |
Olarge cell non-keratinizing squamous carcinoma cell line:SKG-11-SF : CNhs11825 ctss [q20_tpm]

Promotor 2
FANTOMS CAGE phase 1and2 human hg38 (q20 TPM, min 1TPM CTSS) chré 25040168.,25044168 (4kb) &

experiment name (12 / 1885) <- anti-sense strand <> sense sirand ->
Ocervix, adult, pool1 : CNhs10618 ctss [q20_tpm]

©Oargyrophil small cell carcinoma cell line: TC-YIK : CNhs11725 ctss [q20_tpm]

Ocervical cancer cell line:D98-AH2 : CNhs 11288 ctss [g20_tpm]

Ocervical cancer cell line:ME-180 : CNhs11289 ctss [q20_tpm]

Oepidermoid carcinoma cell line:Ca Ski : CNhs10748 ctss [q20_tpm]

Oepitheloid carcinoma cell line: HelaS3 ENCODE, biol rep1 : CNhs12325 ctss [g20_tpm]
Oepitheloid carcinoma cell line: HelaS3 ENCODE, rep2 : CNhs12326 ctss [q20_tpm]
Oepitheloid carcinoma cell line: HelaS3 ENCODE, biol rep3 : CNhs12327 ctss [g20_tpm]
Oglassy cell carcinoma cell line:HOKUG : CNhs 11824 ctss [g20_tpm]

Olarge cell non-keratinizing squamous carcinoma cell line:SKG-II-SF : CNhs11825 ctss [q20_tpm]
Osmall cell cervical cancer cell line:HCSC-1 : CNhs11885 ctss [q20_tpm]

©Osquamous cell carcinoma cell line:JHUS-nk1 : CNhs11749 ctss [q20_tpm]

Promotor 3
FANTOMS5 CAGE phase 1and2 human hg38 (q20 TPM, min 1TPM CTSS) chrb 24875270..24879270 (4kb) *
experiment name (12 [ 1885) <-anti-sense strand <> sense strand ->

Oargyrophil small cell carcinoma cell line:TC-YIK : CNhs11725 ctss [g20_tpm]

Ocervical cancer cell line:D98-AH2 : CNhs 11288 ciss [g20_tpm]

Ocervical cancer cell line:ME-180 : CNhs11289 ctss [q20_tpm]

Ocervix, adult, pool1 : CNhs10618 ctss [q20_tpm]

Oepidermoid carcinoma cell line:Ca Ski : CNhs10748 ctss [q20_tpm)]

Oepithelcid carcinoma cell line: HelaS3 ENCODE, biol rep1 : CNhs12325 ctss [g20_tpm]
Oepitheloid carcinoma cell line: HelaS3 ENCODE, biol rep2 : CNhs12326 ctss [q20_tpm]
Oepitheloid carcinoma cell line: HelaS3 ENCODE, biol rep3 : CNhs12327 ctss [g20_tpm]
QOglassy cell carcinoma cell line:HOKUG : CNhs11824 ctss [q20_tpm]

Olarge cell non-keratinizing sguamous carcinoma cell line:SKG-1I-SF : CNhs 11825 ctss [q20_tpm]
©small cell cervical cancer cell line:HCSC-1 : CNhs11885 ctss [g20_tpm]

Osquamous cell carcinoma cell line:JHUS-nk1 : CNhs 11748 ctss [q20_tpm]

Promotor 4

FANTOMS CAGE phase 1and2 human hg38 (q20 TPM, min 1TPM CTSS) ohr8 24802545 24808545 (4kb)
experiment name (12 / 1885) <-anti-sense strand <> sense strand ->
Ocervix, adult, pool1 : CNhs10618 ctss [g20_tpm]

Oargyrophil small cell carcinoma cell line:TC-YIK : CNhs11725 ctss [20_tpm]

Ocervical cancer cell line:D98-AH2 : CNhs11288 ctss [q20_tpm]

Ocervical cancer cell line:ME-180 - CNhs 11289 ctss [q20_tpm]

©Qepidermoid carcinoma cell line:Ca Ski : CNhs10748 ctss [q20_tpm]

Oepitheloid carcinoma cell line: HelaS3 ENGODE, biol repi - CNhs 12325 ctss [q20_tpm]
Oepitheloid carcinoma cell line: HelaS3 ENCODE, biol rep2 : CNhs 12326 ctss [q20_tpm]
Oepitheloid carcinoma cell line: HelaS3 ENCODE, biol rep3 - CNhs12327 ctss [(20_tpm]
Oglassy cell carcinoma cell line:HOKUG : CNhs11824 ctss [q20_tpm)

Olarge cell non-keratinizing squamous carcinoma cell line:SKG-11-SF : CNhs11825 ctss [q20_tpm]
©Osmall cell cervical cancer cell line:HCSC-1 : CNhs11885 ctss [q20_tpm]

©squamous cell carcinoma cell line:JHUS-nk1 : CNhs11749 ctss [q20_tpm]

Figura 22. Niveles de expresién a partir de los promotores de RIPOR2 en CC. Se
muestran los niveles de expresion para un pool de tejido adulto de cérvix y 11 lineas
celulares de CC a partir de los cuatro diferentes promotores de RIPOR2. Datos obtenidos
de FANTOM 5 (FANTOM. Functional Annotation of the Mammalian Genome, 2014).

Finalmente, la evaluacion de la expresion de RIPOR2 en tejido de cancer cervical
(n=19) mostré que la baja expresion de este gen podria asociarse con un peor

prondstico en la cohorte de mujeres mexicanas (Figura 23 B).
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Figura 23. Expresion de RIPOR2 en lesiones cervicales premalighas y cancer cervical.
(A) Niveles de mRNA de RIPOR2 analizados mediante retrotranscripcion y posterior
amplificacion del cDNA obtenido utilizando los primers pool en epitelio normal (N) positivo
y negativo a VPH, asi como en LIEBG y LIEAG * p <0.0222; *** p = 0.0001; (B) Analisis de
sobrevivencia global comparando los pacientes con baja expresién de RIPOR2 (en azul)
contra los pacientes con alta expresién (en rojo), p=0.3306.
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DISCUSION

En México, el cancer cervical continda siendo un problema de salud importante,
donde la gran mayoria de los casos son diagnosticados en etapas localmente
avanzadas y avanzadas (Isla-Ortiz et al., 2020). Para estas pacientes, los
tratamientos mas utilizados actualmente son quimioterapia y radioterapia,
administrados de forma individual o empleando terapias combinadas (Arango-Bravo
et al., 2022). El farmaco mas comunmente utilizado es el cis-platino, que afecta
principalmente la division celular, causando apoptosis en las células cancerigenas;
sin embargo, los efectos de este compuesto también afectan a otras células,
provocando alta toxicidad en las pacientes (Dasari & Bernard Tchounwou, 2014).
Causas como esta, explican que las pacientes diagnosticadas en etapas avanzadas
muestren una sobrevida global cercana al 40% (Arango-Bravo et al., 2022). Por lo
tanto, estrategias que permitan una estratificacibn mas adecuada de las pacientes
en etapas avanzadas permitira la eleccion de seguimientos mas estrechos en
pacientes con mayor riesgo, asi como la disminucion de tratamiento excesivo en
pacientes con menor riesgo. En este sentido, la blusqueda de biomarcadores
prondéstico se ha convertido en un area de interés para la identificacion de grupos

especificos de pacientes.

La expresion continua de las oncoproteinas E6 y E7 del VPH promueve y mantiene
el fenotipo maligno en CC. Se ha demostrado que la reduccion en la expresion de
los oncogenes E6 y E7 revierte el fenotipo maligno. Estudios in vitro e in vivo,
reportaron que la edicién de los genes E6/E7 de VPH-16 y VPH-18 mediante el
sistema CRISPR-Cas9, disminuye la cantidad de las proteinas virales, incrementa
la expresion de los supresores tumorales blancos de estas oncoproteinas (p53 y
p21) y promueve la reduccion del tamafo tumoral en modelos animales (Ling et al.,
2020; Zhen et al., 2020). Adicionalmente, se ha investigado el efecto combinado de
la restauracion de la expresion de p53 y la inhibicion de E7 de VPH-16, mediante el
uso de vectores en distintos modelos. Los resultados con este tratamiento fueron

inhibicion del crecimiento celular en las lineas de cancer cervical SiHa y Ca Ski, asi
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como la reduccion del tamafio de tumores generados a partir de células SiHa en
ratones. En un modelo murino con lesiones cervicales premalignas, esta terapia
promovid una evidente regresion de las lesiones cervicales (Xiong et al., 2022).
Dichos resultados evidencian la importancia de la expresion de las oncoproteinas
en el mantenimiento, tanto de lesiones premalignas como de los tumores cervicales.
A pesar de estos resultados, el uso de estrategias como CRISPR-Cas9, dirigidas a
la disminucion de E6 y E7 en células tumorales sigue siendo limitado, debido
principalmente a los posibles blancos inespecificos y a las dificultades de entrega a
las células infectadas (Wei et al., 2022). Tomando en cuenta los obstaculos
observados hasta ahora, el estudio paralelo no solo de las oncoproteinas virales,
sino también de sus blancos moleculares es de suma importancia, ya que estas
moléculas podrian ser utilizadas como objetivos farmacolégicos y de forma mas

inmediata, como biomarcadores prondstico en las pacientes con cancer cervical.

En este sentido, se han realizado algunos esfuerzos para identificar moléculas que
permitan predecir la sobrevida global de las pacientes con CC, basados en las
moléculas desreguladas en este padecimiento (Volkova et al., 2021) y en la
presencia o expresion de las secuencias virales (A. Dong et al., 2022). Sin embargo,
hay poca informacion sobre aquellos elementos desregulados especificamente por
las oncoproteinas virales y que puedan ser utilizados como biomarcadores
asociados con la sobrevida global en CC. Anteriormente, se han estudiado perfiles
de expresion de RNA, identificados por secuenciacion masiva, que proveen
informacion de las moléculas alteradas en los principales subtipos de CC y que se
asocian con el desenlace clinico de las pacientes (Campos-Parra et al., 2022), pero
ademas de estos perfiles, seria de importancia conocer aquellos genes cuya
alteracion en cancer es consecuencia de la presencia de los oncogenes virales. Con
esto en mente, en el presente estudio analizamos el transcriptoma de las células de
cancer cervical C-33 A establemente transfectadas con los oncogenes E6 y E7 de
VPH-16.
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A partir de los resultados obtenidos, pudimos identificar tres grupos principales de
genes: aquellos modificados solo por E616, los que se alteran Unicamente en
presencia de E716 y los genes cuya expresion es afectada por ambas proteinas.
Aunque el presente trabajo se enfoca en el estudio de los genes alterados por
ambas oncoproteinas virales, todos aquellos genes cuya expresion incrementd o
disminuyo en presencia de E6 o de E7, representan blancos importantes para el

estudio de los mecanismos moleculares relacionados con el VPH.

Entre otros, E6 altera la expresion de genes relacionados con procesos que se han
visto desregulados en variados tipos de cancer, tales como el metabolismo del
carbono, la sefalizacién de ROBO/Slit y la traduccion, tanto al nivel de la estructura
de ribosomas, como a nivel de iniciacion, elongacion y terminacion (Figura 13 A, C
y E). Mientras que la desregulacion del metabolismo del carbono ha sido
ampliamente abordada en CC, existe muy poca informacion sobre la desregulacion
de la via de ROBO, donde se ha reportado hipermetilacion en varios genes de la
via, promoviendo la disminucion de su expresion (Narayan et al., 2006). Sobre la
traduccion, se ha observado anteriormente la modulacidn de este proceso por efecto
de E6, quien ha mostrado incrementar la traduccién de componentes de la via de
Wnt, promoviendo proliferacién celular (Zhao et al.,, 2019) y también se ha
relacionado con el incremento del factor traduccional elF5A-1, causando migracion

y proliferacion celular (Liu et al., 2018).

El efecto de E7 sobre la expresion génica se asocia principalmente con la
modificacién de uniones celulares y vias de sefializacién asociadas a cancer (Figura
13 B, D y F), modulaciones que han sido relacionadas anteriormente con la
oncoproteina viral. Ejemplo de esto es la alteracién de la arquitectura celular, la
disminucion de la expresion de claudinas, el incremento de los espacios entre las
células y el aumento de la migracion celular mediados por la sobreexpresion de E7
en células adherentes (Uc et al., 2020). Ademas, los datos obtenidos en este trabajo
reafirmaron el efecto de E7 sobre diversas vias de sefializacion tales como MAPK
cinasas, PI3K/AKT, entre otras (Bonab et al., 2021; Hua et al., 2022).
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Dentro del grupo de genes desregulados por ambas oncoproteinas (Tabla 5),
identificamos algunos que fueron incrementados tanto por E6 como por E7; la
expresion del gen ROBO2 por ejemplo, se incrementa 5.3097 veces en presencia
de E6 (p=0) y 4.7807 veces en presencia de E7 (p=1.082%?). Aunque el efecto de
los receptores ROBO ha sido estudiado en cancer, su expresion se muestra
incrementada en ciertos tipos y disminuida en otros (Tong et al., 2019); en CC ha
sido muy poco estudiado (Mitra et al., 2012) y muestra discrepancias con los
resultados de este estudio. Por otro lado, la expresion de genes como ALDH1A1,
disminuy6 en presencia de cualquiera de las oncoproteinas, mostrado una
expresion de -6.4088 veces (p< 0.001) cuando se sobre expresa E6 y de -8.5927
veces (p< 0.001) cuando esta presente la proteina E7. En contraste con los
resultados que obtuvimos, la expresion de ALDH1AL1 se ha observado incrementada
en NIC II, lll y CC, tanto a nivel de mMRNA como de proteina (Tulake et al., 2018). La
poca informacion publicada a la fecha sobre estos y otros blancos afectados por
ambas oncoproteinas virales que fueron detectados en nuestro estudio, asi como
las discrepancias encontradas con la informacién publicada, demuestran que mas

investigacion es necesaria para poder generar conclusiones contundentes.

Con el propésito de identificar cuales de los genes diferencialmente expresados en
presencia de las ambas oncoproteinas virales, podrian estar involucrados en el
desarrollo de cancer cervical, decidimos comparar los genes afectados por E6 y E7
en células C-33 A, con los genes diferencialmente expresados en muestras de CC
provenientes de una cohorte de pacientes del TCGA. Los resultados mostraron 335
genes compartidos por ambos analisis y un sucesivo estudio de SG asociada con
la alta 0 baja expresion de estos genes mostro que la expresion de 13 de ellos afectd
significativamente el prondstico de las pacientes, mientras que solo la baja
expresion de RIPOR2 y la alta expresion de PFKFB4 disminuyeron la SG de las
pacientes independientemente del estadio clinico. Es importante mencionar, que los
13 genes proveen informacion valiosa en cuanto a blancos terapéuticos, incluso

cuando su expresion sea dependiente del estadio clinico, sin embargo, el uso de
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RIPOR2 y PFKFB4 plantea un valor agregado y los posiciona como posibles

biomarcadores prondstico.

A la fecha, varios estudios han relacionado la alta expresion de PFKFB4 con el mal
prondstico de los pacientes con distintos tipos de cancer (Cai et al., 2021; Lu et al.,
2020; Trojan et al., 2018; Wang et al., 2021; Zhou et al., 2022). En CC ya se ha
reportado la sobreexpresion de PFKFB4 y también se ha asociado con el proceso
carcinogénico y un mal prondstico para las pacientes (Cai et al., 2020; Hsin et al.,
2021; Sun & Jin, 2022; Wu et al., 2022); sin embargo, la actividad de las

oncoproteinas E7 y E6 no se ha relacionado con dicho incremento de PFKFB4.

Por otro lado, se ha observado baja o nula expresién de RIPOR2 en lineas celulares
derivadas de cancer, incluyendo retinoblastoma, pulmon, glioma, vejiga y colon
(Dakour et al., 1997); mientras que su sobreexpresion en células Jurkat (leucemia)
disminuyé la proliferacion celular (Froehlich et al., 2016). A partir de datos
provenientes del TCGA, se observd baja expresion de RIPOR2 en muestras de
hepatocarcinoma y esta fue relacionada con el mal pronéstico de los pacientes
(Dastsooz et al., n.d.). Especificamente en CC, se identificé una firma compuesta
de cuatro genes (RIPOR2, DAAM2, SORBS1, CXCL8) que se asocia con la
sobrevida de las pacientes, mostrando que los tumores en los que RIPOR2 se
encontré disminuido tienen un peor prondstico. De acuerdo con con esto, otro
estudio identificé una firma compuesta por RIPOR2, CCL22, PAMR1 y FBN1, donde
las pacientes con CC que presentan mayor expresion de RIPOR2 poseen una
mayor SG, concluyendo que RIPOR2 es un factor protector en CC (Xu et al., 2022),
datos que coinciden con lo reportado en el presente trabajo. Ademas de esto,
cuando RIPOR2 fue sobre-expresado en las lineas celulares de CC SiHa y Hela,
la viabilidad celular y la capacidad de migrar de estas células disminuyé
significativamente (Xu et al., 2022). En este sentido, RIPOR2 parece actuar como
supresor tumoral en varios tipos de cancer, no obstante, nuestro trabajo provee
informacion valiosa sobre la participacion de las oncoproteinas E6 y E7 en la

disminucién de RIPOR2 especificamente en cancer cervical.
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Posteriormente, verificamos los niveles transcripcionales tanto de PFKFB4 como de
RIPOR2 en las células C33-VV, C33-E616 y C33-E716, observando una evidente
disminucién de los transcritos de RIPOR2 tanto en presencia de E6 como de E7,
pero ningun efecto significativo en el caso de PFKFB4. La expresion de RIPOR2
también fue analizada en las lineas celulares de CC SiHa y Ca Ski que contienen
secuencias de VPH-16, comparada con su expresion en C-33 A, que a pesar de ser
de CC no contiene VPH. Los resultados de dichos experimentos mostraron que las
células SiHa, a pesar de mostrar una tendencia a la baja, no tuvieron diferencias
significativas en los niveles de expresion de RIPOR2 en relacion con las células C-
33 A; sin embargo, las células Ca Ski no expresaron RIPOR 2. Estos resultados
podrian ser explicados parcialmente por las diferencias en el nimero de copias de
VPH-16 en cada linea celular; mientras que Ca Ski posee 500 copias de VPH, SiHa
contiene de 1 a 2 copias (Mincheva et al., 1987), lo que probablemente podria

influenciar los niveles de las proteinas virales y por tanto, de RIPOR2.

A lo largo del tiempo, se han dado distintos nombres a los transcritos y proteinas
provenientes del gen RIPOR2 (PL48, C6orf32, FAM65B) y estos se han reportado
con un numero distinto de nucleétidos y aminoacidos. Las primeras variantes de
RIPOR2 identificadas en citotrofoblastos en diferenciacion fueron tres mRNAs de
2.8, 3.5y 4.8 kb (Dakour et al., 1997; Morrish et al., 1996). Posteriormente, diversas
isoformas de la proteina RIPOR2 fueron detectadas mediante inmunoblot, y estas
fueron descritas como isoformas 1y 2, las cuales se componian de 1018 y 591
aminoacidos, respectivamente (Yoon et al., 2007), que podrian corresponder con
las isoformas 6 y 2 mas recientemente reportadas en el NCBI (NCBI. Gene RIPOR2,
2023). Ademas, PL48 fue descrito como una isoforma corta de C6orf32, compuesta
por 536 aminoacidos (Yoon et al., 2007), que podria tratarse de la actual variante
de RIPOR2 descrita como la numero 2. Por tanto, no existe una nomenclatura bien
descrita para estas isoformas de RIPOR2 y hasta ahora, los roles especificos de

cada una de ellas siguen sin conocerse.
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En este trabajo, decidimos averiguar cual o cuéles de las 7 variantes
transcripcionales de RIPOR2 (Tabla 7), disminuian en presencia de las
oncoproteinas virales. Los resultados mostraron una disminucion significativa en la
expresion de todas las variantes transcripcionales de RIPOR2, sugiriendo que su
modulacién podria ser a nivel transcripcional. De acuerdo con la base de datos EPD
(EPD The Eukaryotic Promoter Database, 2023), cuatro promotores median la
transcripcion del gen RIPOR2 (Figura 21) y la expresion de dichos promotores pudo
ser observada a partir de informacion obtenida del proyecto FANTOMS (FANTOM.
Functional Annotation of the Mammalian Genome, 2014). La expresion de los
transcritos a partir de los promotores 1, 2 y 4 del gen de RIPOR2 se encuentra
disminuida en células de CC con infeccion de VPH-16, -18 y -68, si se compara con
su expresion en epitelio cervical normal, mientras que a partir a partir de promotor
3 no se observa expresion alguna (Figura 22). Analisis funcionales de los
promotores que regulan la expresion de las variantes transcripcionales de RIPOR2
son necesarios para dilucidar los procesos especificos relacionados y los factores
que participan en esto. Sin embargo, no se descarta que la baja expresion de
RIPOR2 en células que contienen E6 y E7 de VPH-16 pueda relacionarse con
cambios epigenéticos en el promotor de RIPOR2, debido a que las oncoproteinas
E6 y E7 han mostrado promover la hipermetilacion de varios genes que funcionan
como supresores tumorales, lo que se ha asociado con un incremento en la

proliferacion (Sen et al., 2018).

Por otro lado, se sabe que la expresion de RIPOR2 es regulada a nivel
transcripcional por el factor FOXO1 (Rougerie et al., 2013) y en nuestro estudio,
datos obtenidos mediante el RNAseq mostraron una disminucion en la expresiéon de
FOXO1 de -049 y -0.41 log2FC en células que expresaban E6 y E7,
respectivamente. Tomando en cuenta estos resultados, podriamos pensar en un eje
HPV/FOXO1/RIPOR2, en el que las oncoproteinas virales disminuyan los niveles
de FOXO1 en céancer cervical, promoviendo la disminucion de la expresion de
RIPOR2, a nivel transcripcional. En relacién con esto, se ha reportado que la

expresion de FOXO1 est4 abatida en tumores cervicales si se compara con epitelio
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normal, y que dicha expresién disminuye conforme las lesiones precancerosas
progresan (Zhang et al., 2015). Sin embargo, algunos estudios generan controversia
sobre estos resultados pues muestran que los niveles de FOXO1l estan
incrementados y disminuidos en NIC y CC, respectivamente (Chen et al., 2020) o
gue estan incrementados tanto en NIC como en CC, disminuyendo la SG de las
pacientes con cancer (Chay et al., 2019). Dichas inconsistencias, generan la
necesidad de realizar mas estudios que nos pueden llevar a averiguar si la
disminucién de RIPOR2 mediada por las oncoproteinas virales, se relaciona el
factor FOXOL1.

Por otro lado, se ha descrito que las oncoproteinas E6 y E7, regulan la activacion
de la GTPasa RhoA (Charette & McCance, 2007; Hampson et al., 2004). En células
C-33 A con sobre expresion de E6, RhoA estd mas activo que en células control sin
la proteina viral, y aunque el mecanismo por el cual esto sucede no ha sido descrito
(Hampson et al., 2004), concuerda con la disminucion de la expresién de RIPOR2
observada en presencia de E6 en nuestro trabajo, ya que RIPOR2 es un inhibidor
de RhoA (Lv et al., 2022). De forma contraria ha sido reportado que E7 atenuda la
actividad de RhoA (Charette & McCance, 2007). Aunque aun se requieren mas
estudios que permitan definir el papel que las oncoproteinas tienen sobre RIPOR2
y las consecuencias que esto genera sobre la actividad de RhoA en CC, podria
sugerirse la existencia de un eje FOXO1/RIPOR2/RhoA, controlado por las

oncoproteinas del VPH.

Al evaluar los niveles de expresion de RIPOR2 en muestras de pacientes mexicanas
con epitelio normal con y sin infeccion de VPH, LIEBG y LIEAG, observamos que
RIPOR 2 se encuentra disminuido en LIEBG, LIEAG y muestras normales con
infeccion de VPH, en comparacion con muestras normales sin infeccion viral (Figura
23A). Estos resultados apuntan a que la expresion de RIPOR2 es disminuida por
efecto del VPH y al menos parcialmente, por las oncoproteinas E6 y E7,
concordando con los resultados que obtuvimos en las lineas celulares generadas

en este estudio. Por otro lado, es importante destacar que la disminucién de
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RIPOR2 parece ser un evento que sucede desde el inicio de la infeccion y se
mantiene hasta el cancer cervical. Finalmente, datos de expresion de RIPOR2 que
obtuvimos a partir de muestras de cancer cervical de pacientes mexicanas sugieren
que la baja expresion de RIPOR2 estd asociada con una sobrevida global poco

favorable para los pacientes de nuestra cohorte.

Cabe mencionar que una limitante de este estudio fue el nUmero de muestras
analizadas (19) en la cohorte de pacientes mexicanas, por lo que la validacion de la
expresion de RIPOR2 como potencial biomarcador prondstico es necesaria en una
cohorte mas grande que sea representativa de la poblacion de estudio. Por otro
lado, seria importante evaluar la expresion de RIPOR2 a nivel de proteina y asociar
Su expresion con la SG de las pacientes con CC. En este trabajo no fue posible
detectar a la proteina RIPOR2 en muestras de tumores o en lisados celulares, esto
debido a que los anticuerpos comerciales utilizados presentaron una pobre

inmunodeteccion.

Se ha reportado que la presencia de RIPOR2 en tumores se encuentra
positivamente asociada con la infiltracion de células T CD8+, macréfagos,
neutrdfilos y células dendriticas (Mei et al., 2020; Xu et al., 2022), mostrandose por
lo tanto una mejor respuesta inmune en tumores con mayor expresion de RIPOR2.
Ademas, los pacientes cuyos tumores expresaron RIPOR2 muestran también alta
expresion de PD-1, PD-L1, PD-L2, y CTLA-4 (Mei et al., 2020). Concordando con
estos datos, otro estudio reporta que los pacientes con RIPOR2 presentaron una
mejor respuesta a la inmunoterapia con anticuerpos contra PD-1 solos o
combinados con anticuerpos contra CTLA-4 (Xu et al., 2022). Tomando en cuenta
estos hallazgos, el estudio de la expresiéon de RIPOR2 cuando el cancer es
diagnosticado, podria ayudar en la toma de decisiones en cuanto a la vigilancia y
tratamiento de las pacientes, lo que indudablemente plantea una herramienta

prometedora que mejore la calidad de vida
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En general, podemos decir que las proteinas E6 y E7 modifican la expresion de
genes que afectan la sobrevida global de las pacientes con cancer cervical. Dentro
de estos, nuestros hallazgos posicionan a RIPOR2 como un biomarcador prondstico
en CC y demuestran el efecto de las oncoproteinas virales en la disminucion de las
variantes transcripcionales de RIPOR2. Sin embargo, el estudio de los mecanismos
especificos mediante los cuales E6 y E7 disminuyen la expresion de RIPOR2, asi
como su relacion con el desarrollo y/o mantenimiento del cancer es algo que merece

mas estudios.

RESUMEN DE RESULTADOS Y CONCLUSION

e La expresidn constitutiva de la proteina E6 del VPH-16 desregula la
expresion de 2,689 genes en las células de cancer cervical C-33 A. De los

genes modulados, 1,520 fueron sobre expresados y 1,169 disminuidos.

e La expresidn constitutiva de la proteina E7 del VPH-16 desregula la
expresion de 2,018 genes en células C-33 A; 1,108 genes mostraron una

expresion incrementada mientras la expresion de 910 genes disminuyo.

e De todos los genes cuya expresion fue desregulada por E6 y por E7, la
expresion de 1130 genes se compartid6 por ambas oncoproteinas en las
lineas celulares estables de céancer cervical con expresion de las

oncoproteinas.
e Los procesos y vias de sefializacion mayoritariamente desregulados por

E616 en células C-33 A estan relacionados con procesos de traduccion y

metabolismo.

-66 -



Los procesos y vias de sefalizacion mas desregulados por la proteina E7 en
las células de céancer cervical C-33 A se relacionan principalmente con

adhesién, motilidad celular y transduccion de sefiales en cancer.

La expresion de 6,667 genes esta significativamente desregulada en células

de cancer cervical en una cohorte del TCGA.

De los 1,130 genes desregulados por ambas oncoproteinas en C-33 Ay los
6,667 genes que se observaron desregulados en cancer cervical, 335 genes

fueron se encontraron en ambos analisis.

La baja expresion de RIPORZ2, asi como la alta expresion de PFKFB4 estan
asociadas con una disminucion en la sobrevida global de las pacientes con

cancer cervical de una cohorte del TCGA.

En células C-33 A se expresan 6 de las 7 variantes transcripcionales de
RIPOR2. Las variantes 5y 6 son las mas abundantes, seguidas de la variante
3. Las variantes 1, 2 y 7 mostraron muy bajos niveles de expresion
comparados con el total de los transcritos de RIPORZ2. La variante 4 no se
expreso en las células C-33 A.

E6 y E7 disminuyen significativamente los niveles de las 6 variantes

transcripcionales de RIPOR2 detectadas en células C-33 A.

En una cohorte de pacientes mexicanas, la expresion de RIPOR2 es menor
en lesiones intraepiteliales cervicales de alto grado y bajo grado, asi como
en muestras normales con infeccion del VPH cuando se comparan con la

expresion de RIPOR2 en muestras normales sin infeccion viral.
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En conclusion, las proteinas E6 y E7 del VPH-16 promueven la disminucion de la
expresion de las 6 variantes transcripcionales de RIPOR2 expresadas en células de
cancer cervical sin infeccién de VPH (C-33 A). Ademas de esto, RIPOR 2 tiene un
efecto protector, ya que aquellas pacientes que expresaron niveles mas bajos de
RIPOR2 en una cohorte de pacientes con cancer cervical, tuvieron una menor
supervivencia global, posicionando a RIPOR 2 como un posible biomarcador
prondstico en CC, asociado con la actividad de las oncoproteinas virales. Estos
hallazgos, comprueban la hipétesis planteada en este proyecto, pues se demostro
que E6 y E7 de VPH-16 modificaron la expresion de genes relacionados con la

sobrevida global de las pacientes con cancer cervical.

PERSPECTIVAS

e Enriquecer la cohorte de pacientes con cancer cervical para tener resultados
mas certeros en cuanto al efecto de los niveles de RIPOR2 en la

supervivencia global de las pacientes mexicanas.
e Genotipificar los VPH presentes en las muestras y cuantificar los niveles de
expresion de E6 y E7, esto para poder correlacionar dichos factores con la

expresion de RIPOR2.

e Correlacionar los niveles proteicos de RIPOR2 con la infeccién viral y con el

desenlace clinico.

e Investigar los mecanismos moleculares por los cuales las oncoproteinas E6

y E7 disminuyen la expresion de RIPOR2.
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Abstract: High-risk human papillomavirus (HPV) infection is the main risk factor for cervical
cancer (CC) development, where the continuous expression of E6 and E7 oncoproteins maintain
the malignant phenotype. In Mexico, around 70% of CC cases are diagnosed in advanced stages,
impacting the survival of patients. The aim of this work was to identify biomarkers affected by HPV-
16 E6 and E7 oncoproteins that impact the prognosis of CC patients. Expression profiles dependent
on E6 and E7 oncoproteins, as well as their relationship with biological processes and cellular
signaling pathways, were analyzed in CC cells. A comparison among expression profiles of E6- and
E7-expressing cells and that from a CC cohort obtained from The Cancer Genome Atlas (TCGA)
demonstrated that the expression of 13 genes impacts the overall survival (OS). A multivariate
analysis revealed that the downregulated expression of RIPOR2 was strongly associated with a
worse OS. RIPOR?2, including its transcriptional variants, were overwhelmingly depleted in E6- and
E7-expressing cells. Finally, in a Mexican cohort, it was found that in premalignant cervical lesions,
RIPOR2 expression decreases as the lesions progress; meanwhile, decreased RIPOR2 expression was
also associated with a worse OS in CC patients.

Keywords: RIPOR?2; prognostic biomarker; HPV; cervical cancer; HPV-16 E6 and E7

1. Introduction

Cervical cancer (CC) ranks fourth in cancer mortality in women worldwide, while, in
Mexico, it ranks second. This neoplasia continues to be a public health problem, since, in
the last decade, there has been a considerable increase from 3357 cervical cancer deaths esti-
mated in 2012 to 4335 cases in 2020 [1]. The main risk factor attributed to the development
of CC is a persistent infection with high-risk (HR) human papillomaviruses (HPV), whose
genome has been found in most of the cervical cancer cases (up to 90%) [2]. The most
prevalent viral type in cervical cancer is HPV-16, which is found in 50% of all cases [3].

The oncogenicity of HPV lies mainly in the continuous expression of E6 and E7
oncogenes, whose protein products interact with different cellular proteins that promote
cancer-associated processes such as proliferation, migration, invasion, the inhibition of
apoptosis, and the evasion of the immune response, among others [4]. One of the most
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studied functions of viral oncoproteins is the degradation of tumor suppressor proteins. E6
interacts with p53 and with the ubiquitin ligase E6AP, promoting the degradation of p53
through the proteasome, and this event allows the inhibition of apoptosis, the promotion of
genomic instability, and the accumulation of mutations [5,6]. The E7 protein interacts with
pRb and with the ubiquitin ligase Cullin2, favoring pRb proteasomal degradation. This
event promotes the translocation of the E2F transcriptional factor to the nucleus and the
transcription of genes related to G1-to-S-phase transition, promoting the continuity of the
cell cycle [7].

In developing countries, such as Mexico, a high proportion of CC cases are diagnosed
in advanced clinical stages, resulting in lower survival and a high mortality rate [8], which
is largely due to the lack of effective cervical cancer screening programs. In Mexico, more
than 70% of cervical cancer patients are detected in locally advanced or advanced stages [9],
while the overall survival (OS) worsens as the clinical stage progresses [10]. Disease
characteristics related to clinical stages, such as tumor size, lymph node infiltration, and
distant metastasis, are related to patient survival; however, not all patients with the same
clinical stage have the same outcome. Therefore, some studies have focused on searching
for molecules that can predict patient survival. In this regard, some proteins have been
proposed as prognostic biomarkers for CC, including the increased of Ki-67/MIB-1 protein
levels [11], glucose-6-phosphatase catalytic subunit (G6PC) [12], and serine/arginine-rich
protein-specific kinase 1 (SRPK1) [13], which are related with worse survival, while the high
levels of Galectin 9 [14] correlate with a better prognosis in CC patients. Moreover, through
the analysis of transcriptional profiles derived from genomic databases of CC patients,
genes related to OS have been identified [15,16]. For instance, the high expression of
BRCAL1 [17] is associated with better OS, while high levels of VEGF165 transcript have been
associated with worse disease-free survival [18] in CC patients. Alterations of non-coding
RNAs have also been proposed as prognostic biomarkers in CC [19-21].

Since viral oncoproteins are responsible for maintaining the malignant phenotype,
strategies aimed at finding new HPV-dependent biomarkers have been explored. The
detection of HPV DNA and mRNA has been used for determining the risk of progression
to cancer and as prognostic biomarkers. E6 and E7 transcripts have been shown to have
higher specificity compared to HPV DNA positivity [22,23] and a higher positive predictive
value of progressing to high cervical squamous intraepithelial lesions (HSIL) or cancer. Fur-
thermore, it has been demonstrated that the presence and levels of E6 transcripts increase
the risk of progression to cancer [24]. In cervical cancer, high expression of E6 oncogene
and its isoform E6* are associated with poor overall survival [25]. Furthermore, the use of
HPV mRNA as a molecular marker for cervical cancer metastatic spread tumor has been
proposed [26,27]. In the sentinel node (SLN) of patients free of lymph node metastases, it
was demonstrated that the presence of HPV mRNA has a prognostic value independent
of tumor size, where recurrence-free survival was significantly longer for patients whose
SLN was negative for HPV mRNA [27]. Genetic expression profiles dependent on viral
oncogenes in CC offer a novel alternative in the search for biomarkers with prognostic value.
A more precise classification of CC cases according to molecular profiles, considering viral
oncogene expression would be useful to identify patients with more aggressive tumors. In
addition, this information may identify targetable molecules as novel therapeutic potential
options for patients with cervical cancer. The aim of this study was to identify molecules
with potential as prognostic biomarkers, deregulated by HPV-16 E6 and E7 oncogenes
that may impact the clinical outcome of patients with cervical cancer. Results showed
that several transcripts were found to be altered by the E6 and E7 oncoproteins both in
a cell model and in cervical cancer, where the decreased expression of RIPOR2 (RHO
2 family-interacting cell polarization regulators) was associated with poor OS, regardless
of clinical stage. These findings position RIPOR?2 as a potential prognostic biomarker in
cervical cancer.
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2. Materials and Methods
2.1. Cell Lines and Culture

Cervical cancer cell lines C-33 A, SiHa. and Ca Ski were purchased from ATCC
(Manassas, VA, USA) and maintained at 37 °C with 5% CO,. SiHa and C-33 A cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM) and Ca Ski cells in Roswell Park
Memorial Institute (RPMI) medium, all supplemented with 10% of fetal bovine serum
(FBS). C-33 A cells were stably transfected with the indicated plasmids using Lipofectamine
reagent (Invitrogen, Waltham, MA, USA) according to the manufacturer’s instructions,
and selection was performed with 2 g/L of G418 (ChemCruz Bio, Dallas, TX, USA). The
isolated C33-EV, C33-E616, and C33-E716 clones were used for specified experiments.

2.2. Plasmids

HPV-16 E6 and E7 Open Reading Frames (ORFs) were amplified from Ca Ski DNA us-
ing Polymerase Chain Reaction (PCR). Viral sequences, including an HA tag sequence, were
amplified with specific primers (Supplementary Table S1) and cloned into the p3x-FLAG
CMV.10 expression vector (Sigma, Burlington, MA, USA). Constructions were verified by
DNA-sequencing. Finally, the plasmids named as empty vector p3x-FLAG (EV), p3x-FLAG-
HA-E616 (E616), and p3x-FLAG-HA-E716 (E716) were used for the transfections of C-33 A
cells to obtain stably transfected cells C33-EV, C33-E616, and C33-E716.

2.3. Western Blotting

C33-EV, C33-E616, and C33-E716 cells were cultured in 60 mm dishes and after 24 h
lysed using 300 pL of RIPA buffer (100 mM Tris pH 8.0, 50 mM NaCl2, 0.5% Nonidet P-40,
and protease inhibitor cocktail (Roche, Basel, CH)). A total of 20 pug of cell protein extracts
were analyzed by SDS-PAGE gels (10-12%) and blotted onto a 0.22 pm nitrocellulose
membrane (Bio-Rad, Hercules, CA, USA). Membranes were blocked with 10% skimmed
milk in TBS-0.1% Tween 20 for 1 h at room temperature, followed by incubation with anti-
HA (Cell Signaling, Danvers, MA, USA) and anti-H4 (Cell Signaling, Danvers, MA, USA)
primary antibodies diluted 1:1000 and 1:20,000, respectively. After washing three times
with TBS-0.1% Tween 20, membranes were incubated with HRP-conjugated secondary
anti-mouse antibody (Santa Cruz, Bio., Dallas, TX, USA) in a dilution 1:10,000. Proteins
were visualized utilizing the Clarity™ Western ECL Substrate (Bio-Rad, Hercules, CA,
USA), according to the manufacturer’s instructions. Then, membranes were visualized and
analyzed in the iBright FL1500 imagining system (Invitrogen, Waltham, MA, USA).

2.4. Immunofluorescence Staining

Stable C-33 A cells were seeded over cover slides in 6-well plates. After 24 h, cells
were fixed using 3.7% paraformaldehyde/PBS for 10 min and permeabilized with PBS-
0.1% Triton-X100. Then, cells were blocked with a 0.3% BSA solution and incubated
overnight at 4 °C with anti-HA antibody (Cell Signaling, Danvers, MA, USA) diluted 1:50.
Cells were extensively washed with PBS and later incubated with anti-rabbit antibody
conjugated to Alexa-488 (Invitrogen, Waltham, MA, USA) diluted 1:700. Slides were
washed and mounted with Vectashield antifade mounting medium with DAPI (Vector
laboratories, Burlingame, CA, USA). Cells were analyzed with EVOS FL fluorescence
Microscope (Invitrogen, Waltham, MA, USA).

2.5. RNA Sequencing and Data Analysis

Total RNA was extracted from C33-EV, C33-E616, and C33-E716 cells using the RNeasy
mini kit (Qiagen, Hilden, DE), according to the manufacturer’s instructions. Three inde-
pendent experiments of each condition were performed to ensure reproducibility. RNA
integrity was verified through the Bioanalyzer 2100 system (Agilent, Santa Clara, CA, USA).
RNA library preparation and sequencing was carried out by Novogene Bioinformatics
Technology Co., Ltd. (Sacramento, CA, USA). Sequencing results were mapped zwith the
reference human genome GRCh38, and the differential expression analysis was obtained
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comparing groups C33-EV vs. C33-E616 and C33-EV vs. C33-E716 using the DESeq2 R
package (1.16.1). Genes with adjusted p-value < 0.05 were considered as differentially
expressed. Enrichment analysis of differentially expressed genes was implemented by
the clusterProfiler R package for Gene Ontology (GO) [28] Encyclopedia of Genes and
Genomes (KEGG) pathways [29] and Reactome [30]. Terms with corrected p value < 0.05
were considered significantly enriched by differentially expressed genes.

2.6. TCGA Analysis

Data from 309 cervical samples from the TCGA project were downloaded using the
Bioconductor package TCGABiolinks [31]. Differential expression analysis was performed
between normal tissue and tumoral samples using the DESeq2 package [32] and considering
those transcripts with an p-adj < 0.05 as statistically significant.

2.7. Real-Time Quantitative PCR

Cells were seeded in 60 mm culture dishes, and 24 h after, total RNA extraction was
performed using the RNeasy mini kit (Qiagen, Hilden, DE). The isolated RNA was treated
with the DNase-Free DNA removal kit (Ambion, Austin, TX, USA), and 1000 pg of RNA
was reverse-transcribed with random hexamers utilizing the GeneAmp RNA PCR Core
Kit (Applied Biosystems, Waltham, MA, USA). The primers used for amplification of
the different targets analyzed are contained in Supplementary Table S1. Maxima SYBR
green/ROX qPCR Master Mix (2x) (Thermo Scientific, Waltham, MA, USA) was used for
gqPCR reaction. The results are presented as relative quantification using the AACt method.

2.8. Cervical Samples

A cohort of samples from Mexican patients with normal and premalignant lesions of
the uterine cervix was tested for RIPOR2 expression, formed by 17 normal HPV-negative
cervical samples, 7 normal HPV-positive cervical samples, 20 low-grade, and 15 high-grade
cervical premalignant lesions, kindly provided by the Instituto Nacional de Salud Publica
(INSP). In addition, 19 cervical cancer samples from the Tumor BioBank from the Instituto
Nacional de Cancerologia of Mexico City (INCan) were included. The protocol was revised
and accepted on February 2017, by the Scientific and Ethical committees of INCan Ref.
(017/007 /1BI)(CEI/1144/17). All patients whose samples were utilized in this study agreed
and signed the informed consent.

2.9. Statistical Analysis

Data showing the effects of HPV-16 E6 and E7 proteins on RIPOR?2 transcript levels are
presented as the mean + SD. Analyses were performed using GraphPad Prism 5 software;
p-value was calculated by Student’s ¢-test and significant differences were accepted when
p <0.05, as indicated. To assess RIPOR2 expression in premalignant lesions compared to
normal cervical samples, the statistical analysis was performed using Mann-Whitney U
statistical test. For the survival analysis, clinical and follow-up data from the 309 cervical
samples from the TCGA was obtained with the TCGABiolinks package. For each gene,
patients were divided into two groups depending on the median expression as high or
low. The overall survival of patients depending on analyzed gene was calculated using
the Kaplan—-Meier estimator. Comparison of the survival curves for both groups was
performed using the log-rank test. Next, we performed Univariate and Multivariate
Cox proportional hazard regressions using the R survival package. We considered a
p-value < 0.05 as significant.

3. Results
3.1. HPV-16 E6 and E7 Oncoproteins Differentially Modify Transcriptome of Cervical Cancer Cells
To analyze the effect of HPV-16 E6 and E7 oncoproteins on cell gene expression profiles,

amodel of C-33 A cells stably transfected with vectors expressing E616 or E716 oncoproteins
was generated, while cells harboring empty vector (EV) were used as a negative control.



Cells 2022, 11, 3942

50f21

The expression of the E6 and E7 transcripts was assessed by RT-PCR in the three cell
lines (Figure 1A). As expected, the expression of full-length E6 and its small isoforms
E6*1 and E6*II were detected in the C33-E616 cell line, as it has been reported in HPV-
positive cells [33,34]. On the other hand, E716-containing cells (C33-E716) only expressed
E7 transcripts. The presence of the oncoproteins was also evaluated by immunoblot
(Figure 1B). It is worth noting that protein levels of E6 full-length were hardly perceptible,
even with long immunodetection exposure (data not shown), while the small isoform E6*
is highly abundant. Meanwhile, the E7 protein was clearly detected in stably transfected
cells. The immunofluorescence analysis showed that E6 and E7 were localized mainly at
the nucleus and were present in all transfected cells, confirming that the model with a
stable expression of the oncoproteins was successful (Figure 1C).

A M EV E616 ET16 + - B EV E616 E716
o = <5 4g0pm
o - o = <E81 317pb
i <E6°Il 200pb o ko
<
I
E = P — o ol E6* 16 KDa
w
g — - j— < 18S 148pb
T an Suld Sl 411 KDa
C DAPI HA MERGE

EV

E616

E716

Figure 1. Stable expression of E616 and E716 in C-33 A cells: (A) RT-PCR showing the expression of
E6, E6*I, and E6*II mRNA in C33-E616 cells, as well as the EZ mRNA in C33-E716 cells. 185 rRNA
expression was used as a control. (B) Detection of HA-tagged E6 and E7 proteins by WB in stable C-33
A cell lines using HA antibody. H4 protein was used as the loading control; (C) Immunofluorescence
staining using DAPI nuclear detection (blue) and anti-HA primary antibody to detect E6 and E7
oncoproteins (green). A representative image of each experiment is shown. Scale bar represents

100 pm long.

To identify gene expression profiles associated with the expression of E6 and E7 onco-
genes, a mRNA massive sequencing analysis was performed in C-33 A stably transfected
cells (E616, E716, or EV). Evident differential expression patterns were exhibited in E6- and
E7-expressing cells when compared to the control group, as depicted in the heatmap of
Figure 2. Differentially expressed genes are shown in Supplementary Tables 52 and S3.



Cells 2022, 11, 3942

6 of 21

expression
2
N
0
I -1
=

:

EV E616 E716

Figure 2. Gene expression patterns exhibited by C33EV, -E616, and -E716 cells. Heatmap showing
the differential gene expression in Log2(FPKM+1) in the three cell groups in the columns (EV, E616,
and E716). Each row represents the expression of a gene. Red color indicates increased expression
levels and blue, decreased expression, while white means no significant change or the absence of
data. Hierarchical clustering is shown at the top of the figure according to the transcriptional patterns
of the groups (EV, E616, and E716), revealing that cells expressing the oncoproteins are closer than
those with the empty vector. At the left, the clustering for differential gene expression is depicted.

A differential gene expression analysis was performed by comparing the gene expres-
sion levels (Log2 FC) in C33-E616 and C33-E716 cells in relation to C33-EV (Tables 52 and S3).
A total of 2689 genes were found significantly differentially expressed (p-adj < 0.05) in the
presence of E6. From those genes, 1520 were upregulated, while 1169 were downregulated
(Figure 3A). Similarly, when comparing C33-E716 cells with C33-EV, 2018 genes were
significantly deregulated (p-adj < 0.05), of which 1108 were upregulated and 910 were
downregulated (Figure 3B).
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Figure 3. E616 and E716 differentially affected gene expression in C-33 A cells. Volcano plot il-
lustrating the genes that were significantly (p-adj < 0.05) deregulated in: (A) C33-E616 cells and
(B) C33-E716 cells, compared with the EV control. The upregulated genes are depicted in red color
and the downregulated ones in green.

3.2. Cellular Processes and Signaling Pathways Modified by E6 and E7

An enrichment analysis was performed to identify pathways and biological functions
significantly affected by E616 and E716. For this purpose, information from three different
databases, including Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes
(KEGG), and Reactome database, was used.

When evaluating the sets of genes deregulated by E616, the GO enrichment analysis
demonstrated that processes of nucleobase-containing compounds of catabolism, ribo-
somes, and translation were mostly affected (Figure 4A). Furthermore, a KEGG analysis
showed that the top deregulated pathways included ribosomes, carbon metabolism, and
glycolysis/gluconeogenesis (Figure 4C), and the Reactome analysis showed that processes
related with ROBO proteins and translation are also deregulated by E616 (Figure 4E).

Regarding those processes altered by E716, the GO analysis demonstrated that the pos-
itive regulation of locomotion, adherens junctions, protein serine/threonine kinase activity,
and actin binding are among the most deregulated processes (Figure 4B). Meanwhile, the
KEGG analysis showed that E716 deregulated genes involved in the pathways in cancer,
including MAPK, PI3K/Akt, NF-kB, and Ras signaling, among others (Figure 4D). Further-
more, the most significant processes revealed by the Reactome analysis were those related
to syndecan interactions and non-integrin membrane—extracellular matrix interactions
(Figure 4F).

3.3. E616 and E716 Regulated Genes Involved in Overall Survival of Cervical Cancer Patients

To determine genes affected by both oncoproteins, a Venn diagram was constructed
(Figure 5). The results indicated that 1130 genes were deregulated by both E616 and E716
in C-33 A stable cell lines. Since E6 and E7 are constitutively overexpressed in CC, the
aim of this study was to analyze those genes that were affected by both oncoproteins.
Bioinformatic analyses derived from a TCGA cohort revealed differentially expressed genes
in CC compared with normal tissue in data obtained from 309 cervical cancer patients. The
results demonstrated that 6667 genes were significantly (p < 0.05) deregulated in CC. From
those, 335 genes that were deregulated in CC patient samples, as well as in C33-E616 and
C33-E716 cells.
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Figure 4. Enrichment analysis of differentially expressed genes (DEGs) in cells containing E616 and
E716 oncoproteins. Dot plots of the 20 biological functions or pathways more significantly related
with the DEGs modulated by E616 and E716 are depicted. Enrichment analysis was performed
using data from GO for (A) E6- and (B) E7-expressing cells; while KEGG analysis exhibited cellular
pathways affected in (C) E6- and (D) E7-containing cells. Reactome analysis showed processes
associated with (E) E6 and (F) E7 expression. Significantly deregulated processes (p-adj < 0.05) were
depicted in red color. Count means the number of genes assigned to a term. GeneRatio refers to the
number of observed genes (DEGs) divided by the number of expected genes related to each category.
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Figure 5. Genes deregulated in cervical cancer and in E6- and E7-expressing cells. Yellow /orange
Venn diagram shows the genes deregulated by E616 and E716 in C-33 A stably transfected cells; the
intersection of this diagram refers to the 1130 genes significantly modulated by both viral oncoproteins.
Orange/pink Venn diagram intersects 335 genes modulated in CC according to the data obtained
from TCGA and by the E6 and E7 viral oncoproteins. From these data, a univariate analysis showed
13 genes significantly affecting the OS (p < 0.05). A multivariate analysis demonstrated that PFKFB4
and RIPOR?2 genes affected the OS independently of the clinical stage (p < 0.05).

A univariate Cox regression analysis exposed that 13 of these 335 genes significantly
(p < 0.05) affected the OS in CC patients, as shown in Table 1. Since the OS is also affected
by the clinical stage, the independence of the clinical stage was analyzed through a multi-
variate analysis, which demonstrated that the expression of two genes act as independent
predictors of the OS; interestingly, a high RIPOR2 expression increases the OS (HR = 1.8,
CI 1.00-3.25, p = 0.048), while a high expression of PFKFB4 decreases the OS (HR = 0.50,
CI10.27-0.93, p = 0.029) (Table 1).

The survival analysis and Kaplan-Meyer curves were performed taking into con-
sideration the high or low expression of PFKFB4 and RIPOR?2, according to the median
expression levels, in TCGA cervical cancer samples. As depicted in Figure 6A, a high
expression of PFKFB4 was found associated with unfavorable OS (p = 0.0075), evidenced
by the decrease in the median survival from 8.48 years in patients with a low expression of
PFKFB4 to 5.57 years in patients with a high expression. Contrariwise, a high expression
of RIPOR?2 exhibited a protector effect (p = 0.0011) (Figure 6B), since patients with high
expression showed a median survival of 8.48 years compared to 5.57 years in patients who
expressed low levels of RIPOR2. The obtained results evidence that RIPOR2 and PFKFB4
are deregulated in CC patients and in C33-E616 and C33-E7 CC cell lines, suggesting that
their modulation in this cancer type is partially mediated by E6 and E7 oncoproteins.
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Table 1. Univariate and multivariate analyses of the genes affecting the overall survival.

Univariate Analysis

Multivariate Analysis

Overall

Survi HR (95% CI) p-Value HR (95% CI) p-Value
urvival
SLC4A11 2 (1.2-3.5) 0.0081 1.42 (0.79-2.55) 0.228
NUP188 2 (1.2-3.4) 0.0097 1.10 (0.54-2.23) 0.773
CREM 2 (1.2-3.3) 0.013 0.80 (0.40-1.62) 0.55
AP1B1 1.9 (1.1-3.1) 0.016 0.99 (0.52-1.88) 0.99
RIPOR2 24 (1.4-41) 0.0016 1.80 (1.00-3.25) 0.048
PFKFB4 0.5 (0.3-0.84) 0.0085 0.50 (0.27-0.93) 0.029
CC2D1A High vs. low 1.9 (1.1-3.2) 0.015 1.14 (0.56-2.30) 0.704
BICDL1 expression 1.9 (1.1-3.2) 0.015 1.16 (0.62-2.15) 0.629
RHOT2 2 (1.2-34) 0.0073 1.44 (0.74-2.79) 0.278
NBEAL2 1.9 (1.1-3.2) 0.016 1.27 (0.69-2.33) 0.436
CPNE7 2.2 (1.3-3.7) 0.0033 1.55 (0.83-2.90) 0.165
FARSA 1.9 (1.1-3.2) 0.013 1.15 (0.55-2.40) 0.692
SHTN1 2.2 (1.3-3.7) 0.0033 1.46 (0.73-2.91) 0.281
Clinical Stage 1.5(1.2-1.9) 0.0003
Bold denotes a significant p value.
A PFKFB4 B RIPOR2
—— High —— High
100 == Low 100 ——Low
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Figure 6. Kaplan-Meier OS analysis according to PFKFB4 and RIPOR2 expressions. Differences in
OS of CC patients according to high or low expression of: (A) PFKFB4 (p = 0.0075) and (B) RIPOR2
(p = 0.0011). Low mRNA levels are represented with blue lines and high levels with red lines.

3.4. PFKFB4 and RIPOR2 Transcripts Are Affected by E6 and E7 in Cervical Cancer Cells

To validate the results obtained in the RN Aseq analysis, transcript levels of PFKFB4
and RIPOR2 were analyzed in C-33 A E6- and E7-expressing cells in relation to EV cells
through RT-qPCR. Surprisingly, as shown in Figure 7A, a trend for increased expression
of PFKFB4 was observed in E6- and E7-expressing cells, although no statistical changes
were obtained. In contrast, RIPOR2 levels were overwhelmingly ablated by E616 and E716
(p < 0.0001) (Figure 7B). These results were comparable with those obtained for RIPOR2
in the RN Aseq analysis, where its expression levels were Log2FC-2.622 (p = 7.16-39) and
Log2FC-3.839 (p = 4.32-44) for cells expressing E616 and E716, respectively. Those data
corroborate the effect of both oncoproteins in the decrease of RIPOR2 mRNA levels in the
CC cell line C-33 A. Furthermore, the expression of RIPOR2 was analyzed in CC cell lines
harboring HPV-16 sequences. As shown in Figure 7C, SiHa cells did not exhibit significant
differences in RIPOR2 expression levels in relation to C-33 A cells. In contrast, Ca Ski
cells practically did not express RIPOR2. These results may be partially explained by the
differences in HPV copy number which may influence the RIPOR?2 expression levels, since
Ca Ski cells harbor 500 HPV viral copies and SiHa cells contain 1-2 copies [35].
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Figure 7. Expression of PFKFB4 and RIPOR2 in CC cell lines. Results obtained by RT-qPCR in
C33-E616 and C33-E716 compared to C33-EV for: (A) PFKFB4 mRNA levels; (B) RIPOR2 mRNA
levels; and (C) RIPOR2 mRNA levels in CC cell lines C-33 A, SiHa, and Ca Ski. Each graph is a
representative experiment from three independently performed. Statistics was performed using
GraphPad prism, mean + SD, Student’s t-test, *** p < 0.0001.

3.5. HPV-16 E6 and E7 Oncoproteins Decrease the Levels of Six Transcriptional Variants of
RIPOR?2 in C-33 A Cells

According to the National Center for Biotechnology Information (NCBI) [36], there are
at least seven RIPOR?2 transcriptional variants, which code for six different RIPOR2 protein
isoforms (Table 2). Therefore, we became interested in investigating the impact of HPV
oncoproteins on the amount of each of the RIPOR2 transcriptional variants.

Table 2. Transcripts and proteins coded by the RIPOR2 gene.

Transcript Length (nt) Transcript Type  Protein Isoform Length (aa)
1 5553 protein coding 1 1068
2 2372 protein coding 2 591
3 5295 protein coding 3 1047
4 3546 protein coding 4 647
5 3548 protein coding 5 613
6 5403 protein coding 6 1018
7 5359 protein coding 6 1018

Since few information is available about transcriptional variants of RIPOR2 [37,38],
and the primers first used for quantification of RIPOR2 detected all the transcriptional
variants (Figure 8), we designed primers to detect the 7 RIPOR?2 transcriptional variants
(Supplementary Table S1). Due to the similarity among some of the RIPOR2 variants
sequences, it was only possible to use specific primers for variants 1, 2, 3, 4, and 7. There are
no unique sequences within the exons or in exon-exon junctions distinguishing variants
5 and 6; nevertheless, new primers able to detect variant 5 (and also to detect variant 4),
as well as primers detecting variant 6 (and also variant 1) were used. Figure 8 depicts
this strategy.
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Figure 8. Human RIPOR2 gene and its transcriptional variants. Upper grey bar shows the position
of introns in RIPOR2 gene, whereas the enumerated orange boxes, the exons of the gene. Seven
transcriptional variants are enlisted under the gene in yellow color, showing the enumeration of the
exons that comprise each transcript (1-7). Exons with numbers in red color are those shared by all the
transcripts. Below the representation of each the transcriptional variant, the position of the specific
primers and the size of the expected amplicon is shown. The pool primers amplify a fragment (shown
in red) within a common region. Exons with the numbers in black color are only shared by some
transcripts; therefore, primers for specific variants were designed within these areas. Amplicons
shown in blue are those that allow the detection of a given specific variant, whereas amplicons in
purple are shared by two variants (i.e., variants 1 and 6; variants 4 and 5).

To determine the basal gene expression levels of the seven transcriptional variants of
RIPOR2 in C-33 A cells, RT-qPCRs were performed. Figure 9A,B show the expression of
each transcriptional variant compared to the levels of total RIPOR?2 transcripts detected
by RIPOR2-pool primers. Variants 5 and 6 were the most abundant in relation to the other
variants, which were reduced in 2.84- and 2.68-fold respectively, followed by variant 3 with
a reduction of 4.95-fold, compared with the pool primers. Otherwise, variants 1, 2, and
7 exhibited the lowest levels in this cell line, being decreased 200-, 43.47-, and 76.9-fold,
respectively. Interestingly, we could not detect variant 4 in C-33 A cells; nevertheless, we
did detect it in human leukocytes (Figure 9C), demonstrating that the primers correctly
amplify the variant 4 fragment.

Further, we investigated the effect of E6 and E7 proteins on mRNA levels of the
seven RIPOR?2 variants in C-33 A stable transfected cells (Figure 10). When analyzing
the expression of all the RIPOR2 transcripts detected with the pool primers, a dramatic
decrease in RIPOR2 expression in the presence of E6 and E7 of 50- and 250-fold, respectively,
was observed in relation to the EV control. An evident effect of both oncoproteins in
the decreased levels of variants 1, 2, 3, 5, 6, and 7 was observed even when the basal
expression of some of these variants was low in comparison with the value observed in
EV cells. Notably, those variants with the highest expression, such as variants 5 and 6,
reduced 20- and 29.4-fold, respectively, in E6-expressing cells, while, in those cells with
E7,in 76.9- and 500-fold, respectively. While variant 3 was completely ablated by the viral
oncoproteins. As expected, the expression of variant 4 was not detected in all tested groups.
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Figure 9. RIPOR?2 variants expressed in C-33 A cells. (A) RT-qPCR showing the basal levels of the
transcriptional variants, compared to RIPOR2-pool levels. (B) Expression of variant 4 in lymphocytes
compared to C-33 A cells. *** p < 0.0001, ** p = 0.0066.
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Figure 10. Effect of E616 and E716 oncoproteins on the amount of RIPOR2 transcriptional variants.
Expression levels of the 1-7 transcriptional variants were assessed in C33-EV, C33-E616, and C33-E716
cells by RT-qPCR using RIPOR2 pool or specific variant primers. Statistical differences are expressed
as *** p < 0.0009, ** p = 0.0029, and * p < 0.0166 when comparing EV vs. E616 or E716 groups.



Cells 2022, 11, 3942

14 of 21

Expression data obtained from C-33 A, SiHa, and Ca Ski cells regarding the seven
transcriptional variants analyzed are shown in Figure 11. Interestingly, Variants 5 and 6,
the most abundant previously observed in C-33 A (Figure 9) were also the most enriched in
SiHa cells. Other variants, such as 2 and 7, were poorly expressed in SiHa cells, while 1,
3, and 4 were absent. Moreover, no expression of any variant was observed in the Ca Ski
cell line, correlating with the absence of RIPOR2 pool transcripts observed in Ca Ski cells
(Figure 7C).
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Figure 11. Expression of RIPOR2 transcriptional variants in cervical cancer cell lines. The levels
of the 7 transcriptional variants were evaluated in C-33 A, SiHa, and Ca Ski cell lines by RT-qPCR.
Fold change data were calculated compared with RIPOR2 pool levels within each cell line, and
statistical analyses were performed using GraphPad prism and expressed in mean + SD, significance
is represented as *** p < 0.009, ** p < 0.0072, and * p = 0.0159.

3.6. RIPOR2 Expression Is Downregulated in Premalignant Lesions and Lower Levels of RIPOR2
Are Associated with Worse Prognosis of Cervical Cancer

RT-gPCR analysis was performed to determine whether the expression of RIPOR2
was altered in premalignant lesions of the cervix comprising low and high grade squamous
intraepithelial lesions (LSIL and HSIL) and normal samples with HPV infection, compared
to normal HPV negative samples. As shown in Figure 12A, the expression of RIPOR2
significantly decrease as the cervical lesion progresses. In addition, the evaluation of
RIPOR?2 expression in cervical cancer cases (1 = 19) showed that the low expression of
RIPOR2 was associated with a worse OS, although no significant results were obtained,
probably due to the lack of an adequate number of samples available; therefore, a larger
cohort of CC samples is required to ascertain this association (Figure 12B).
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Figure 12. RIPOR2 expression in cervical premalignant lesions and cervical cancer. (A) RIPOR2
mRNA levels were analyzed by RT-qPCR using RIPOR2 pool primers in normal (1) HPV positive
and negative samples, as well as LSIL and HSIL * p < 0.0222; *** p = 0.0001. (B) Overall survival
analysis comparing RIPOR2 low (blue line) vs. high (red line) expression in cervical cancer patients
(p = 0.3306).

Taken together, these results suggest that RIPOR2 expression is downregulated by
HPV-16 E6 and E7 oncoproteins, and it is probably affected from the onset of infection; more-
over, our data indicate that decreased expression of RIPOR2 is associated with unfavorable
clinical outcome of patients.

4. Discussion

In Mexico, cervical cancer continues to be an important health problem, where a vast
majority of cases are diagnosed in advanced stages [9]. For those patients, conventional
treatments may not be as effective, so targeted strategies could give better results. In this
sense, the search for prognostic markers becomes an area of interest, to identify patients who
may benefit from specific therapies, in addition to identifying possible therapeutic targets.

The continuous expression of HPV E6 and E7 oncoproteins promotes and maintains
the malignant phenotype in CC. It has been demonstrated that reducing the expression
of E6 and E7 oncogenes of HPV-16 reverses the malignant phenotype. In this regard, an
in vivo study revealed that a xenograft HPV positive tumor mice model that was locally
injected with liposomes containing a CRISPR-Cas9 knocking-down system for E6/E7 from
HPV-18 and -16, recovered the expression of p53 and p21 tumor suppressors, followed
by a reduction in tumor growth [39,40]. Additionally, it was recently demonstrated that
restoration of p53 expression and inhibition of HPV-16 E7 by CRISPR-Cas9 system delivered
in nanoparticles in xenograft mice tumors induces a reduction of tumor growth and it
is worth mentioning that such treatment exhibits a low toxicity and high transfection
efficiency [41]. However, the use of CRISPR/Cas vectors specifically targeting E6 or E7 in
tumor cells is still limited since such vectors have demonstrated low safety and are restricted
to a specific HPV viral type. This prompts the study of not only the viral oncoproteins
but also their molecular targets that could be used as prognostic biomarkers and/or as
pharmacological targets to improve the quality of life of patients with cervical cancer.

Previous efforts have been made to identify molecules that allow predicting the clinical
outcome of CC patients, based on deregulated molecules in cancer [42], or on the presence
and expression of viral oncogenes [43]. Although little information is available about
those cellular elements deregulated by viral oncoproteins that could be used as biomarkers
associated with clinical outcome in CC. The study of molecules based on RNAs, identified
by massive RNA sequencing, provides extensive information on those molecules altered in
cervical cancer [16], in addition to those altered by viral oncogenes that could eventually
serve as prognostic biomarkers, as is proposed in this study. With this in mind, we analyzed
the transcriptome of cervical cancer C-33 A cells stably transfected with HPV E6 or E7
oncogenes, to further identify potential prognostic biomarkers in CC. This work led to
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the identification of genes deregulated by both viral oncoproteins that also were found to
be altered in CC and associated with overall survival. As a result, we show for the first
time that E6 and E7 oncoproteins suppress the expression of RIPOR2 and increases the
expression of PFKFB4, which in turn was associated with poor survival in CC patients.

PFKFB4 (Phosphofructo-2-kinase/fructose-2,6-bisphosphatase 4) is one of four isoen-
zymes of PFKFB [44], which generate fructose-2,6-bisphosphate, an allosteric activator of
6-phosphofructo-1- kinase, which is a rate-limiting enzyme in glycolysis and regulate the
pentose phosphate pathway. Recent studies have demonstrated that the high expression
of PFKFB4 predicts a poor prognosis in various types of cancer, including breast [45],
gastric [46]; lung [47]; melanoma [48]; and thyroid cancer [49]. In this work, the RN Aseq
analysis revealed that PFKFB4 is overexpressed in the presence of E6 and E7, and the data
obtained by qPCR showed a trend towards increased expression of this gene, although not
significant; probably because PFBKB4 expression could be highly sensitive to regulation by
other cancer-associated processes such as hypoxia [50], which warrants further study.

The family of RIPOR (RHO family interacting cell polarization regulators) proteins
comprises 3 isoforms termed RIPOR1, RIPOR2 and RIPOR3, encoded by the FAM65A,
FAM65B and FAM65C genes, respectively. RIPOR proteins bind directly to RHO GTPases
(A, B, and C) through their RHO-binding motif, thereby inhibiting RHO activity and
negatively influencing cellular functions regulated by these GTPases, such as receptor
trafficking, cell migration, growth and polarization [51].

There is little information on the involvement of RIPOR?2 in cancer. Dakour et al., in
1997 [37], described the lack of expression of RIPOR2 in a wide variety of proliferating can-
cer cell lines. Tumors derived from prostate cancer cell line PC3, exhibited low expression
of RIPOR?2, even though a stem-like subpopulation derived from such cell line showed the
opposite phenotype [52]. A bioinformatic study revealed that a signature comprising four
genes (RIPOR2, DAAM?2, SORBS1, CXCL8) was found to be associated with survival in
cervical cancer patients [53]. Moreover, those tumors with this signature where RIPOR2
was downexpressed had a worse prognosis. Furthermore, the presence of RIPOR2 in
tumors is positively associated with the infiltration of CD8 + cells T cells, macrophages,
neutrophils, and dendritic cells. Furthermore, those patients whose tumors express RIPOR2
in the signature exhibit high expression of PD-1, PD-L1, PD-L2, and CTLA-4, making them
potential candidates for immune checkpoint inhibitors.

In agreement, a recent study identified a four gene antitumor signature related to the
tumor microenvironment, which included RIPOR2, CCL22, PAMR1, and FBN1 genes [54].
Authors found that tumors with high expression of RIPOR2, had a lower mutation burden,
and higher levels of CD8 + T cells. Interestingly, patients with those tumors presented a
better response to immunotherapy with antibodies against PD-1 alone or combined with
CTLA4. Concordantly with the results obtained in the present work, the authors found
that CC patients with higher RIPOR2 expression had a longer overall survival, concluding
that RIPOR?2 is a protective factor in CC. Moreover, when RIPOR2 was overexpressed in
SiHa and HeLa CC cell lines, cell viability and migration capacity significantly diminished,
suggesting that RIPOR2 is a tumor suppressor gene in cervical cancer. In this sense, our
work provides valuable information on the participation of E6 and E7 viral oncoproteins in
the regulation of RIPOR?2 and its association with clinical evolution in CC, regardless of the
tumor microenvironment.

It is known that the expression of RIPOR2, which negatively regulates the activation of
RhoA GTPase, is promoted by transcriptional factors such as FOXO1 [55]. Previous studies
have shown that FOXO1 expression is ablated in cervical tumors compared to normal tissue,
and that FOXO1 expression decreases as precancerous lesions progress [56]. However, other
studies evidence a controversy on the possible role of FOXOL1 in cervical cancer, since its
overexpression has been associated with a poor prognosis [57]. Moreover, it has been shown
that the inhibition of the expression of E6 and E7 in Ca Ski cells recovers the expression
of FOXO1, leading to apoptosis and to a reduction in the proliferation of cancer cells [58].
Interestingly, our RN Aseq data showed a decrease in FOXO1 expression of —0.49 and —0.41
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log2FC in cells with E6 and E7, respectively (Tables S2 and S3). On the other hand, it has
been described that the overexpression of GTPase RhoA in cervical cancer is associated with
distant metastasis after concomitant treatment with chemotherapy and radiotherapy [59];
concordantly, it is known that E6 and E7 oncoproteins regulate the activation of the GTPase
RhoA [60,61]. This suggests the existence of a FOXO1/RIPOR2/RhoA axis mediated
by HPV oncoproteins which is affected in cervical cancer and related to an unfavorable
clinical outcome.

Over time, different names have been used for RIPOR2 (PL48, C6orf32, FAM65B) and it
has also been reported with different nucleotide numbers or protein sizes. The first RIPOR2
variants identified in the differentiating cytotrophoblast included three mRNAs (2.8, 3.5
and 4.8 kb) [37,62]. Subsequently, multiple isoforms of the RIPOR2 protein were detected
by immunoblot, and those described as isoforms 1 and 2, which were composed of 1018 and
591 amino acids, respectively [38], correspond to isoforms 6 and 2 of the protein according
to most recent NCBI data [36] (Table 2). Furthermore, PL48 was described as a short
isoform of C6orf32 composed of 536 amino acids [38], which could be the current variant 2.
Therefore, the specific roles of each RIPOR2 isoform in physiological and cancer-related are
not yet known.

Our results show a significant decrease in the expression of the transcriptional variants
of RIPOR2 by the E6 and E7 oncoproteins, which suggests that their modulation is at the
transcriptional level. It is not ruled out that the low expression of RIPOR?2 in cells harboring
HPV-16 E6 and E7 oncoproteins could involve epigenetic changes in the RIPOR2 promoter,
since E6 and E7 oncoproteins have been shown to promote the hypermethylation of various
tumor suppressor genes, which is associated with increased cell proliferation [63].

Interestingly, according to the Eukaryotic Promoter Database (EPD) [64], four promot-
ers mediating the transcription of RIPOR2 are described. Besides, data derived from the
FAMTOMS project [65], show that expression of the RIPOR?2 transcripts from promoters 1,
2 and 4 is decreased in CC cell lines naturally infected with HPV-16, -18 or -68, compared to
normal cervical epithelium. Functional analysis of the promoters that regulate the expres-
sion of the RIPOR2 transcriptional variants is necessary to elucidate the specific processes
involved and the factors participating in these regulations.

In addition to showing the possible use of RIPOR2 as a prognostic biomarker deregu-
lated by both viral oncoproteins, our study provides information on the molecular mech-
anisms involved in the establishment and maintenance of tumors with papillomavirus
infection and on molecules that could eventually be useful as therapeutic targets. It is
important to mention, that also the deregulated molecules identified as dependent on the
clinical stage in the multivariate analysis (Table 1), could provide valuable information for
therapeutics, even when they do not offer an advantage in prognosis.

Although the present work focuses on the genes that were altered by both oncoproteins,
all the genes that were found to be significantly upregulated or downregulated by each of
the oncoproteins independently, are of interest to be studied both at the molecular level, as
well as for their association with cancer and with the clinical outcome of patients either in
TCGA databases or in other cohorts.

It is worth noting that enrichment analysis of Differentially Expressed Genes (DEG)
demonstrated that E6 and E7, affect biological functions or pathways related to cancer.
For instance, E6 alters glycolysis, translation initiation, carbon metabolism and ROBO-
Slit signaling, among others; while E7 affects extra cellular matrix organization, MAPK
signaling pathway and focal adhesion pathways, among others. It is known that alterations
in such processes drive to increased proliferation, migration, or invasion, which are key
elements for cancer development. Those processes have been shown to be affected in other
types of cancer. For example, disturbed glucose metabolism has been reported in lung
cancer cells [66]; aberrant expression of translation initiation factors is a common feature in
gastrointestinal, lung, colorectal, breast, and prostate cancers [67]; moreover, alterations in
the Slit/ROBO signaling induce malignant transformation in colorectal cancer [68].
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The study of the expression of RIPOR2 when cancer is diagnosed could have a potential
utility as a prognostic biomarker that allows the appropriate decision on surveillance
and therapeutic intervention in patients with low risk of survival. Undoubtedly, the
analysis of RIPOR?2 offers a promising tool that would help improve the quality of life
of patients. A limitation of this study is that the number of patients from the analyzed
Mexican cohorts were restricted to the available samples, being mandatory the validation
of RIPOR2 expression as a potential biomarker in a larger cohort of premalignant lesions
and cervical cancer samples in a representative proportion of the studied population. On
the other hand, we could not detect the RIPOR2 protein in tumor samples nor in cell lysates
since the available commercial antibodies had poor immunodetection by western blot
and immunohistochemistry; therefore, the obtention of more specific antibodies for the
detection of RIPOR2 variants would be valuable to evaluate its association with poor OS in
cervical cancer patients.

Our findings firmly position RIPOR2 as a promising prognostic biomarker in cervical
cancer and demonstrate the effect of viral oncoproteins in downregulating RIPOR2 tran-
scriptional variants. However, the specific mechanisms by which E6 and E7 downregulate
RIPOR?2 and their relationship with the development and/or maintenance of cancer is
something that deserves further study.
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Abstract: Persistent infections with High Risk Human Papillomaviruses (HR-HPVs) are the main
cause of cervical cancer development. The E6 and E7 oncoproteins of HR-HPVs are derived from
a polycistronic pre-mRNA transcribed from an HPV early promoter. Through alternative splicing,
this pre-mRNA produces a variety of E6 spliced transcripts termed E6*. In pre-malignant lesions
and HPV-related cancers, different E6/E6* transcriptional patterns have been found, although they
have not been clearly associated to cancer development. Moreover, there is a controversy about
the participation of E6* proteins in cancer progression. This review addresses the regulation of E6
splicing and the different functions that have been found for E6* proteins, as well as their possible
role in HPV-induced carcinogenesis.

Keywords: HPV; E6; splicing; E6*; spliceosome

1. Introduction

Cervical cancer continues to be a major public health problem, being the fourth cause of
cancer mortality among women worldwide [1]. The persistent infection with High-Risk Human
Papillomavirus (HR-HPV) is the main risk factor associated with cervical cancer development [2].
HPYV sequences have been detected in almost 99% of the analyzed cervical cancer biopsies [3,4].
Moreover, HPV has also been linked to other anogenital [5,6] and oropharyngeal cancers [7].

Hitherto, more than 200 HPV types have been identified [8,9], which differ in more than 10% of
nucleotide sequences within the L1 gene [10]. Commonly, HPVs infect basal layer cells of epithelia
and are classified as cutaneous or mucosal types, being the infections with mucosal HPVs the most
frequent sexually transmitted diseases worldwide [11]. From approximately 40 HPV types that infect
the anogenital mucosal epithelium, 15 types are the most commonly found in cancer biopsies and thus,
have been classified as HR-HPVs: HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73 and 82. Low-Risk
HPV (LR-HPV) types are mainly related to mild dysplasia or genital warts [12]. HR-HPV16 and 18
are the most prevalent HR types, found in close to 60% and 15% of cervical cancer cases, respectively.
LR-HPV6 and 11 are the most frequent types found in warts [13].

Human Papillomaviruses are small non-enveloped viruses of 55 nm, containing a circular
double-stranded DNA of approximately 8 kb in length. The HPV genome is divided into three
regions: the long control region (LCR) that regulates transcription and replication, the early region
harboring nucleotide sequences of six common genes (E6, E7, E1, E2, E4 and E5) expressed in a primary
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infection [14] and the late region that contains open reading frames (ORFs) encoding the L1 and L2
structural proteins involved in viral encapsidation [15].

The main viral oncoproteins E6 and E7 regulate cell cycle progression by promoting the
degradation of the tumor suppressor proteins p53 and pRb, respectively. These and other interactions
affect cellular pathways leading to malignant transformation [16,17].

Multiple HPV genes are expressed in a polycistronic pre-mRNA from a single strand. Depending
on the state of differentiation of the epithelial layers, early or late promoters are activated leading the
transcription of the early and late regions as polycistronic mRNAs. These transcripts are polyadenylated at
sequences termed early and late polyadenylation sites, which are located downstream of each polycistronic
mRNA [18,19].

Several transcripts are produced throughout an HPV infection by alternative splicing, which
generates different mRNA expression patterns [20]. Alternative splicing within E6-E7 ORFs is a
common feature of HR-HPVs, while no splicing in this region has been detected among LR-HPVs [21].
Full-length E6 from HR-HPV types is expressed from mRNAs with no splicing within E6 ORF, while
E7 can be transcribed from different mRNAs including those with splicing in E6 [22,23]. The splicing
process produces several transcripts containing E6 truncated mRNAs named E6*, which are derived
from a donor splicing site within the E6 ORF and one of the different acceptor sites located in the early
mRNA [24]. The most abundant E6 truncated mRNA is termed E6*1, which is a poorly studied protein.
E6*I shares approximately the first 44 aa with the E6 full-length protein (E6) and the intron removal
promotes a change in the E6 ORF adding approximately 13 aa that are only contained in E6*I isoform
and generating a new stop codon [25].

This review focusses on the transcription patterns of E6/E6* and their regulation in different
models, as well as the controversial roles of E6* proteins that affect cellular processes. The evidences
and controversies represent an opportunity for the study of E6* proteins in order to establish their
participation in the HPV life cycle and/or in the initiation or progression of cancer.

2. HPV Life Cycle

The HPV life cycle depends on differentiation and replication of the host-infected cells and is
characterized by having two phases: latent infection, where the episome is replicated and maintained
and productive infection, where the late proteins are produced and virions are formed [26].

Depending on HPV type, multiple entry pathways have been suggested. Generally, HPVs infect
the undifferentiated basal cells of the epithelium through a micro-wound. Additionally, the accessibility
of cells that are close to the squamo-columnar junction increases the possibility of HPV infection of this
single cell layer [27]. The precise mechanism and receptors used by HPV to infect the epithelial cells are
poorly known. The most accepted models for HPV16 suggest that the HPV L1 capsid protein attaches
to heparan sulfate proteoglycans (HSPGs) [28] inducing conformational changes in the capsid and
transferring the viral particle to a secondary non-HSPG entry receptor [29]. This transfer is facilitated
through cleavage of the L2 protein by the convertase furin [30]. In contrast to the use of pseudovirus
models, some analyses with native viruses have shown that the heparan sulfate receptor and furin
cleavage activity are not required for all HPV types [31-33].

Several secondary L1-specific receptors have been proposed to mediate the infection, such as
a-6 integrin [34], keratinocyte growth factor receptor (KGFR), epidermal growth factor receptor
(EGFR) [35] and tetraspanins [36]. Finally, an L2-specific receptor, the SI00A10 subunit of the annexin
A2 heterotetramer, is thought to be involved in promoting viral entry [37].

After viral attachment to the host cell, the endocytic uptake of HPV implies a non-canonical
internalization pathway related to micropinocytosis dependent on actin dynamics [38]; however, the
precise cellular components mediating HPV uptake into host cells remain unknown.

Following virus entry, the viral capsid binds to Sortin nexin 17 at the endosomal compartments,
which seems to help the L2-DNA complex to escape from the lysosome [39] and finally travel to the
nucleus via dynein-mediated transport along microtubules [40].
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In the latent phase, low levels of E1, E2, E6 and E7 are expressed in undifferentiated basal cells,
where normal differentiation is retarded. During this phase, low replication rate occurs generating
approximately 50-100 viral genomes per cell [41]. Further, in the proliferative phase, E6 and E7 are
highly expressed from the middle to the upper layers of the differentiating epithelium [42]. The E2
protein recruits E1, a viral DNA helicase, to its binding site in the viral origin of replication, facilitating
viral DNA replication and leading to the production of thousands of viral genome copies per cell
in differentiated keratinocytes [26,43]. E4 stabilizes E2 and facilitates nuclear localization of El,
increasing E1/E2 dependent viral genome amplification [44]. Moreover, E2 acts as transcriptional
factor controlling the expression of viral genes, through the recruitment of cellular factors to the LCR,
promoting the activation or repression of viral transcription [43].

Finally, the viral life cycle is completed by the synthesis of L1 and L2 proteins in the uppermost
layer of the epithelium, allowing the encapsidation of newly replicated genomes and the release of
mature virions [27].

Most of the HPV infections are transient and cleared by the immune system in less than two years.
Furthermore, when clinical lesions are generated, the majority undergo spontaneous regression [45].
It has been proposed that a determinant key to neoplastic progression is the persistent infection by
HR-HPVs, which after a long time could lead to genomic instability and to viral genome integration
into the host genome, at this stage, no viral progeny is produced [46]. As an episome, viral early gene
expression is controlled by E2 but when integration occurs, E2 gene expression is commonly disrupted,
leading to an increase in the expression of E6 and E7. The formation and maintenance of tumors needs
the constant expression of E6 and E7 oncoproteins [47].

In cervical cancer biopsies, the HR-HPV genome is commonly found integrated, although in a
small proportion of the cases HPV-DNA remains as an episome but at a high copy number [48].
It has been proposed that in HPV episomes, E2 binding sites contained in the LCR can be
methylated preventing the E2 transcriptional repression and allowing the overexpression of E6 and E7
oncoproteins [49]. This indicates that HPV integration in some cases may not be a requirement for
cellular transformation.

3. The Splicing Process

The splicing process is an essential mechanism that regulates gene expression and contributes to
cell proteomic diversity. During transcription, RNA polymerase II generates a pre-mRNA that harbors
exonic and intronic cis regulatory elements, able to recruit the spliceosome complex. The spliceosome
regulates the exon-exon junction, generated when the intronic sequences are released, which is a
crucial step in the maturation of the pre-mRNA [50,51]. The spliceosome is formed by a variety of
small nuclear RNAs (U1, U2, U4/U6 and U5) organized in small nuclear ribonucleoproteins (snRPNs),
complexed to several regulatory proteins [52,53]. The spliceosome complex assembly is directed by
consensus sequences that flank exon-intron joints at the 5 donor site ((C/A)AGGU(A/G)AGU) and 3’
acceptor site ((C/U)AG) of the pre-mRNA, in addition to intronic sequences termed branch points
((C/UNC/U)U(A/G)A(C/U)) and a polypyrimidine tract [54]. Moreover, the pre-mRNA harbors
auxiliary cis-acting elements termed exonic/intronic splicing enhancers (ESEs and ISEs, respectively)
and exonic/intronic splicing silencers (ESSs and ISSs, respectively) that regulate splicing through the
binding with regulatory proteins that stimulate or repress the spliceosome complex assembly [54].

Briefly, the U1 small nuclear ribonucleoprotein (snRNP) binds to the 5’ splice site, allowing the
binding of the splicing factor 1/mammalian branch point binding protein (SF1/mBBP) to the branch
point and the interaction of the U2 Auxiliary Factor (U2AF) with the polypyrimidine tract, forming
the E complex which approaches the 5" and 3’ splicing sites. Then, the U2 snRNP associates with the
branch point and induces the displacement of SF1/mBBP, leading to the formation of the A complex.
Later, the pre-assembled complex, U4/U6/US5 tri-snRNP, is recruited, generating the pre-catalytic B
complex. In this step, all snRNPs are catalytically inactive and require other rearrangements to induce
the first splicing reaction. Afterwards, Ul and U4 are removed from the B complex while U2, U5 and
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U6 are rearranged, forming the active B complex. This complex is then catalytically activated by the
DEAH (Asp-Glu-Ala-His)-box RNA helicase Prp2 (catalytically activated B complex). In this step, the
phosphodiester bond at the 5’ splice site (exon-intron joint) is attacked and broken by the 2’-OH of
the adenosine at the branch point, which creates a new bond between the 5’ side of the intron and
the adenosine, forming the lariat structure. At this point the C complex is formed, which induces the
catalysis of the second bond between the 3’-OH of the first exon and the 5’ acceptor site of the second
exon (exon-exon joint). Finally, the intronic sequences are discarded, the exons come together and the
spliceosome is disassembled [20,54,55] (Figure 1).

5SS Intron

Exon 1 GU

3'ss
PPy gl Exon 2
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I/-G" o

E complex

A complex

pre-catalytic
B complex

Active
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C complex

Exon-Exon

Exon 1 Exon 2
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Figure 1. pre-mRNA splicing process. Donor and acceptor splicing sites (5'SS and 3'SS) in the
exon-intron junctions, the branch point (A) and the polypyrimidine tract (PolyPy) are contained in
the pre-mRNA. In the E complex, the Ul small nuclear ribonucleoprotein (snRNP) binds to the
5'SS, the splicing factor 1 (SF1) to the branch point and the U2 Auxiliary Factor (U2AF) to the
PolyPy, approaching the 5'SS and 3'SS. In the A complex, U2 associates to the branch point and
SF1 is disassembled. U4/U6/U5 complex binds and U2AF is released from the spliceosome in the
pre-catalytic B complex. The active B complex is formed when U1 and U4 exit from the spliceosome
and structure rearrangements induce the first splicing reaction where the phosphodiester bond at
the 5'SS is attacked by the 2’-OH of the A forming a lariat structure. In the C complex, the second
reaction forms a bond between the 3’-OH of the first exon and the 5'-P of the second exon. The intronic
sequences are discarded and exons 1 and 2 come together. The transitions between one and other
splicing complex are indicated with black solid arrows and the two splicing reactions are indicated
with red dotted arrows.
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Since the consensus sequences in splicing sites are not well conserved, the nucleotide combinations
increase the possibility of multiple choices of splice sites within the pre-mRNAs, which leads to selective
intron and exon removal, allowing the expression of a great variety of isoforms derived from a single
pre-mRNA. This process is termed alternative splicing [20].

In addition, exonic and intronic splicing enhancers (ESEs and ISEs) and/or silencers (ESSs and
ISSs) are required to regulate the splicing process: negatively, by the interaction with the heterogeneous
ribonucleoproteins (hnRNPs) and positively, with serine/arginine-rich protein (SR). The hnRNPs
(i.e., hnRNPA1 and hnRNPA?2) bind mainly to the silencer elements, blocking the recognition of the
exon-intron junctions by elements of the spliceosome. In contrast, the SR proteins (SRF1-12) usually
bind to the enhancer sequences, acting as general activators of exon definition. The contribution of the
SR and hnRNP proteins defines the overall recognition potential of an exon and/or the affinity for the
spliceosome [20,52,56,57] (Figure 2A).

N Y
e O

D

Figure 2. Splicing regulation. Green arrows indicate positive splicing regulation, while red arrows

A400 526 * swazss SF2
L] [EsE)

7

represent negative splicing regulation. (A) General regulation mediated by cis and/or trans elements
is shown. The exonic and intronic splicing enhancers (ESE and ISE) frequently stimulate the splicing
process by binding to serine/arginine-rich proteins (SR proteins). The exonic and intronic splicing
silencers (ESS and ISS) commonly repress the splicing process, through binding with heterogeneous
ribonucleoproteins (hnRNP) regulatory proteins; (B) Splicing regulated by cis and trans acting elements,
allowing formation of different E6/E6* transcript patterns. The ESS and ESE sequences (exonic splicing
silencer and enhancer, respectively) and the splicing donor (SD) and acceptor (SA) sites involved in E6
splicing regulation are also shown.

4. Splicing within HR-HPV E6

The LCR contains cellular and viral transcription factor binding sites, as well as transcriptional
enhancers, a replication origin, a late polyadenylation site and late regulatory elements [19,27].
The early promoter is located upstream of the E6 ORF (p105 for HPV18 and p97 for HPV16) and is
responsible for early gene transcription. The late promoter that resides inside of the E7 ORF, drives E4,
L1 and L2 gene expression. Other sequences that could act as possible promoters have been described
but their functions are not clearly understood.

In low-risk HPVs the E6 and E7 genes are transcribed from two independent promoters, while
in high-risk HPVs those genes are transcribed as a single polycistronic pre-mRNA from the early
promoters. A common feature of high-risk HPVs is that the E6/E7 polycistronic mRNA contains at
least one donor and one acceptor splicing site that can trigger the alternative splicing process, inducing
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the expression of a variety of E6 spliced transcripts termed E6* [18,58]. In contrast, low-risk HPVs and
beta-papillomavirus types do not undergo splicing in this region [21].

Depending on the HR-HPV type, different transcripts are derived from one of the donor splicing
sites contained in the E6 ORF and one of the acceptor splicing sites located within E7, E2 or E4 ORFs.
The splicing pattern of HPV type 16 has been thoroughly studied and the following spliced transcripts
have been identified: E6*I, E6*1I, E6*I1I, E6"E7, E6"E7*1, E6"E7*1I, E6*1V, E6*V and E6*VI [18,59-62].
Conversely, the described transcripts for HPV18 are: E6*1, E6*11, E6*111, E6"E7 [60,63,64]. Less is known
about transcripts resulting from splicing in the E6 pre-mRNA of other HR-HPV types, such as HPV31
having E6*I and E6"E4; HPV33 with E6*I, E6*I and E6*I1I; and HPV58 with E6*I and E6*II [65-68].
For other HPV types only the E6*I transcript has been detected, although the existence of other E6
spliced transcripts cannot be discarded [21,69]. Donor and acceptor sites for the identified different
transcripts are depicted in Table 1.

Table 1. Transcripts derived from alternative splicing within the E6 open reading frame (ORF).
The table summarizes the E6* isoforms for 23 HPV types where alternative splicing has been observed.
The detailed donor and acceptor splicing sites for each E6 truncated transcript are enlisted below.

HPV Type E6* Transcripts Donor-Acceptor Splicing Sites (Nucleotide Position) References

E6*1 226-409 [59]
E6*Il 226-526 [70]
E6*II 226-3358 [59]
E6* IV 226-2709 [71]
16 E6*V 221-409 [61]
E6*VI 191-409 [61]
E6°E7 (E6*X) 226-742 [60]
E6"E7*1 174-718 [62]
E6"E7*11 221-850 [62]

E6*1 233-416 [63,64]

18 E6*I 233-3434 [63,64]
E6*IIT 233-2779 [64]

E6°E7 233-791 [60,64]
26 E6*T 173-406 [21]
30 E6*l 229-420 [21]

3 E6*1 210-413 [65,68]
E6"E4 (E6*III) 210-3295 [65]
E6*1 231-509 [66]
33 E6*II 231-785 [66]
E6*II 231-3351 [66]
34 E6*1 223-414 [21]
35 E6*1 228-419 [21]
39 E6*1 231-420 [21]
45 E6*1 230-413 [69]
51 E6*1 173-406 [21]
52 E6*1 224-502 [69]
53 E6*1 236-419 [69]
56 E6*1 157-420 [21]
s E6*1 232-510 [67]
E6*II 232-3355 [67]
59 E6*1 183-582 [69]
66 E6*1 157-420 [21]
67 E6*1 224-502 [69]
68b E6*1 232-415 [69]
69 E6*1 178-411 [21]
70 E6*1 231-422 [21]
73 E6*1 227-410 [69]

82 E6*1 178-411 [21]
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Interestingly, it has been proposed that E6 nucleotides 226 and 409 (donor and acceptor sites,
respectively) from HPV16 are preferentially selected among other splicing sites, leading to the release
of intron I, generating E6*1 [61]. A suboptimal branch point sequence was previously identified
within intron I of HPV16 (AGUGAGU) which contains the 328G instead of the typical adenosine [72].
An optimal branch point was further discovered within the same intron (AACAAAC), proposed to be
the preferred branch point sequence, where 385A allows the selection of E6*] and expression of E7 [61].

5. E6/E6* Transcription Patterns

Many studies have described the E6/E6* patterns found in cervical cancer cell lines with
endogenous expression of HPV or in cells with ectopic expression of HPV sequences. These patterns
have also been identified in HPV infected biopsies with normal or altered cytology and in HPV-related
cancers. Most of those studies are focused on the expression patterns of HPV16 and HVP18; although,
information is available for other HR-HPV types such as, 31, 33 and 58 (Figure 3) [65-67].

The donor and acceptor splicing sites necessary to generate E6*1 were described for the first
time in the HPV16 positive CaSki cell line [73]; however, this isoform was first named E6* in a study
performed using the HPV18 positive HeLa cell line [74].
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expression of all E6 transcripts, in addition to the expression of the E6*X [70]. These findings suggest

that the E6/E6* expression patterns could be independent of the physical state of the HPV genome but
dependent on the lesion grade.

The E6/E6™] transcription patterns were evaluated in 12 oncogenic and 11 possibly-oncogenic
HPVs, where E6/E6*] were found to be expressed in the majority of those HPV types, although with
different patterns. In contrast to several studies, this report shows that E6*I transcript from HPV16
and 18 were present in lower amounts than E6 [21]. It was previously demonstrated that the distance
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between the 5’ Cap site and the intron is rate limiting for E6 RNA splicing [78]. Therefore, changes in
the proportion of E6/E6* observed in different studies could be partially explained by the 5" added
nucleotide sequences in the E6 expressing vectors, which increase the distance between the E6 intron
and the 5’ Cap in the pre-mRNA.

E6 and E6-spliced mRNAs have been investigated in patient samples, aiming to find a correlation
with different stages during transformation. Many studies show that premalignant or malignant
cervical and oropharyngeal lesions positive for HPV16 genomes, exhibit higher amounts of E6*] than
E6, similar to the results described in cell lines [77,79,80]. Other studies detected E6*I and E6*III
transcripts in cervical cancer, as well as in low and high-grade lesions, where no E6 mRNA was
identified, maybe due to the different sensitivities of the technical approaches used [81]. In HPV16
positive cervical cancer biopsies, the proportion of E6, E6*I, E6*Il and E6"E7 transcripts varies but E6"E7
is consistently present at lower levels, while the expression of E6*1 is the highest [60]. Furthermore, the
levels of HPV16 E6, E6*I and E6*II mRNAs are higher in cervical cancer samples compared to those in
oropharyngeal cancer [82], suggesting that cellular contexts could be involved in the expression of
HPV sequences.

Through RNA-seq quantitative sequencing, the proportion of HPV transcripts in cervical samples
has been determined. In Cervical Intraepithelial Neoplasia grade 3 (CIN3) and Squamous Cervical
Cancer (SCC), low levels of E6 transcripts were found, representing less than 5% of all HPV transcripts
in each sample; conversely, E6*] represented close to 5%, 40% and 50% of all HPV mRNAs in Cervical
Intraepithelial Neoplasia grade 2 (CIN2), CIN3 and SCC samples, respectively [24].

Controversial results about the association between the expression of E6*1/E6*1I and the grade
of cervical lesions have been reported. A positive association between higher concentrations of E6*1
and E6*1I transcripts and high-grade cervical lesions, as well as cervical cancer, was found, being E6*1
the most abundant of these mRNAs [82,83]. In contrast, another study did not reveal differences in
E6*1 levels in the different lesion grades but a significant decrease of E6*II was observed in high-grade
lesions [84]. Moreover, some studies have proposed E6*Il expression as an indicator of cervical
neoplasia severity [85]. These results show that the association between E6*1/E6*1I patterns and lesion
grade cannot be confirmed at this moment.

E6* expression has also been studied in uncommon HPV-related cancers. In squamous cell
scrotal cancer samples, HPV16 E6*I transcripts were found [86]. Additionally, in breast tumor samples
infected with HPV16, E6*1, E6*11, E6"E7 (E6*X), E6"E7*] and E6"E7*1I transcripts were detected [62].
These results suggest that HPV is transcriptionally active in those tumor samples.

It is worth mentioning that variations in 2 to 5% of genomic sequences within the same HPV
type are defined as intra-type variants, which have been associated with distinct biological outcomes
of HPV infections [87]. It has been reported that nucleotide changes within HPV18 E6 variant genes
(Asian-Amerindian, European and African phylogenetic branches) result in different E6/E6*I splicing
patterns in MCF-7 cells and cervical tumor biopsies. Interestingly, the cells and tumors harboring the
Asian-Amerindian variant of E6 expressed higher levels of E6 than E6*, while those with the African
variant exhibited a higher proportion of E6*I [88,89]. Furthermore, European variants of HPV16 do not
exhibit differences in E6/E6* splicing patterns [90].

In conclusion, even when E6/E6* patterns differ in pre-malignant lesions and cancer, E6*] is the
transcript present in higher amounts. Moreover, it seems that all transcript levels increase as the lesions
progress to cancer. This effect could be related to an increase in HPV transcription and/or replication
rates, which might allow the detection of those spliced transcripts found at low levels. However,
further studies are needed to confirm this statement.

6. Regulation of E6/E6* Patterns

Alternative splicing of HPV transcripts increases the complexity of viral gene expression.
The E6/E6* patterns change through the cell cycle, being the E6*I transcript more abundant than E6
during G2/M phase [91]. Several regulators have been identified that control transcription, splicing
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and polyadenylation of early and late mRNAs. However, few cis and trans acting regulators have been
found to modulate E6/E6* splicing patterns (Figure 2B) [19,20,92,93].

The serine/arginine-rich splicing factor 1, 2 and 3 (SRSF1, 2 and 3) are augmented in HPV16
positive cervical cancer cell lines compared with HPV16 positive non-tumorigenic cells. These proteins
increase E6/E7 mRNA stability and protect E6 transcript from decay. Interestingly, E6/E6* splicing is
not affected by the SRSF overexpression [70].

Using a raft culture model, it has been shown that CCCTC-Binding Factor (CTCF) can bind to
E2 ORF of HR-HPV types and induce an increase of E6*II mRNA without affecting other E6 spliced
transcripts [94].

The ASF/SF2 splicing factor interacts with an HPV16 splicing enhancer located downstream of
the SA3358 site, promoting splicing particularly at this acceptor site. SA3358 site allows the production
of E6*III if the SD226 site is selected but can also produce other E6* mRNAs with the SD880, promoting
an increase in all of the E6 spliced transcripts [95,96].

The SF3B1 splicing factor has also been reported to increase HPV16 E6 mRNA splicing, favoring
the E6*1 isoform [97]. Head and neck cancer cells positive for HPV16 were treated with meayamycin
B, a potent inhibitor of SF3B1, showing a decrease in the levels of E6*I mRNA with an increase
of the full-length E6 transcript. When SF3B1 was knocked down, similar effects were observed,
demonstrating that the biogenesis of E6*1 is influenced by SF3B.

The splicing at the SD226 site is favored when E6/E7 mRNAs are capped through the interaction
with Cap binding factors. When the distance from 5’'mRNA Cap to the SD226 is increased, the levels
of E6 are higher, while a distance less than 307 nucleotides seems to be optimal to promote the splicing
at SD226, facilitating E6*1 expression [78].

Together, hnRNPA1 and hnRNPA?2 promote splicing of E6 HPV16 mRNA. In contrast to hnRNPA1
only, that in the presence of Epidermal Growth Factor (EGF) induces an increase in un-spliced E6
mRNA [98]. This evidence could be associated to the exonic splicing silencer (ESS) within the E7
ORE, which contains an hnRNPA1 binding motif that reduces 233416 splicing (E6*I) and induces E6
expression in HPV18-transfected or -infected cells [64].

Upon activation of EGFR and Erk1/2 MAPK by EGEF, E6/E7 splicing is reduced. Although the
exact mechanism has not yet been described, it is proposed that this effect could be mediated through
regulators controlled by growth factor pathways, such as Brm and Sam68, which increase the levels of
E6/E7 mRNA in the presence of EGF [98].

Interestingly, HPV proteins also modulate E6/E7 mRNA splicing by acting as RNA binding
proteins. E2 and E6 proteins bind to intron 226409 and might interfere with the cellular splicing
machinery, decreasing the levels of E6*] transcript in HPV16 infected cells. This reduction could be
carried out by SR proteins through their interaction with E2 and E6 viral proteins [99]. Therefore,
expression of E6, E6* and E7 can be affected by the different splicing regulatory proteins, depending
on their availability during cellular differentiation or cancer progression.

7. E6* Related Functions

One of the most characterized E6* transcript functions is to facilitate translation of the E7
oncoprotein by increasing the space in the mRNA between the E6 stop codon and the E7 start
codon, allowing better ribosome assembly [23,78,100]. However, other studies demonstrate that
intron exclusion has a minimal or no effect on E7 translation, since the E7 protein is mainly translated
from E6 non-spliced mRNA [22,101]. Moreover, other functions have been attributed to E6* proteins,
mainly to E6*], independent of E6 and E7 expression (Figure 4).
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E6*] protein was detected for the first time in 1987 in CaSki cells [102] and like E6*11, displays both
nuclear and cytoplasmic localization; conversely, E6 is mostly found in the cell nucleus [91,103,104].

E6*1 HPV18 is a polypeptide of 57 aa that shares the first 44 aa of its N-terminal domain with E6
and contains 13 aa derived from the change in the E6 open reading frame after the splicing sites [25].
Due to different donor and acceptor splicing sites contained in HR-HPVs, the predicted E6*1 proteins
differ from E6, in size, by approximately 50 to 55 aa for HPV16, 18, 30, 33, 34, 36, 35, 39, 68 and 70; and
29 to 36 aa for HPV26, 31, 51, 56, 66, 69 and 82 [21].

The specific structure of E6*I has not been well characterized due to the difficulty in acquiring a
compact monomeric fold in such a small polypeptide. However, a-helix or 3-sheet conformations,
depending on experimental conditions, have been suggested [105]. E6*] conserves only half of the
N-terminal zinc binding motif present in E6. Moreover, most of the HR-HPV E6*], excepting HPV56
and 66, contain a hydrophobic motif (L/M/I)XX(L/I/V)X(L/V/I) which is associated to E6 and E6AP
binding [106].

It has been widely demonstrated that the HR-HPV E6 proteins promote p53 degradation
through binding with the E3 ubiquitin ligase E6AP [107,108]. Furthermore, E6*I protein interferes
with E6-mediated degradation of p53 by its binding to E6AP, E6 and to p53, although with lower
affinity [21,91,109,110].

Furthermore, it has been shown that HPV18 E6 increases the levels of p14ARF through p53
degradation, while HPV18 E6*I over-expression only induces a moderate increase of the p14ARF [88].
This result shows that E6*] may have a direct effect over p14AREF, independent of E6, possibly through
E6*I and p53 interaction, preventing p14ARF regulation by p53. However, more evidence is still needed.

Additionally, it has been demonstrated that HPV16 E6*] does not increase keratinocyte
immortalization and proliferation [100]. HPV18 E6*I decreases cell proliferation in HPV16 positive
cancer cells, while HPV18 E6*I overexpression in p53 null cancer cells does not exhibit this
anti-proliferative effect, indicating that this effect could be attributed to protection of p53 by E6* [110].

Anti-tumorigenic features have been associated with E6* expression. The (3-integrin pathway
that regulates cytoskeleton rearrangements, cellular shape and mobility was evaluated in SiHa cells.
The levels of 3-integrin and its co-stimulatory molecule kindling-1, increased in the presence of E6*],
while a reduction in RhoA levels was observed, promoting cell morphological changes related to
cell spreading. Moreover, this study found a decrease in Alkaline phosphatase activity in those cells
transfected with HPV16 E6*I, which is related to loss of both pluripotency and undifferentiated cell
phenotype [111].

Furthermore, in a study performed in SiHa cells, HPV16 E6*] promoted the overexpression of
E-cadherin protein, a biological marker related to cell adhesion and epithelial phenotype. However,
in C33A cells, this effect was not observed. Interestingly, a xenograft mouse model using SiHa and
C33A cells transfected with HPV16 E6*1, showed an evident decrease in tumor size with a decrease in
VEGEFR-1 levels, a biological marker for angiogenesis [112].

Since E6*1 does not induce immortalization and cell proliferation, it has been postulated that it
could be regulating pathways involved in cell death, such as apoptosis. Different studies showed
that both E6 and E6*I of HPV16 and HPV18 bind to the dead effector domain (DED) of procaspase 8
via different sites [113-115]; however, only HPV16 E6 can bind to Fas-associated protein with death
domain (FADD) DED [116]. One of the studies showed that HPV16 E6*I stabilizes procaspase 8 while
E6 has the opposite effect [114]; however, a further study demonstrates that neither HPV18 E6 nor
E6*I induces procaspase 8 stabilization. Nevertheless, these viral proteins increase the levels of active
caspase 8 and induce its nuclear translocation without inducing apoptosis [113].

Additionally, it has been shown that HPV16 E6 and E6*] exert different effects in apoptosis either
together or alone. Both viral proteins independently expressed, promote resistance to TNF-induced
apoptosis; in contrast, when they are expressed together they promote TNF-dependent apoptosis [109].
Furthermore, it has been demonstrated that overexpression of HPV16 E6*I but not E6*II, sensitizes
oropharyngeal squamous cell carcinoma cell lines to radiation, promoting cell death [117]. Recent
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studies suggest that this effect could be dependent on cellular context, since it is not observed in
non-head and neck cancer cell lines. Together, these facts indicate that the regulation of apoptosis by
E6*I and E6 is a complicated mechanism and that the E6/E6* expression patterns and cellular contexts
could play an important role.

A proteomic analysis comparing HPV16 positive and negative cell lines revealed that HPV16
E6*I modifies the expression of cellular proteins involved in a variety of cellular signaling pathways
such as: integrin-linked kinase (ILK), oxidative phosphorylation and mitochondrial dysfunction.
HPV16 E6*I promotes an increase in mitochondrial dysfunction in HPV positive and negative cells,
which then induces a decrease in the levels of the antioxidant molecule GSH and subsequent DNA
damage [111]. These data correlate with results observed in HPV16 positive cells, where HPV16 E6*1
protein but not E6, decreases the levels of the antioxidant enzymes SOD2 and Gpx, leading to the
accumulation of reactive oxygen species (ROS) and an increase in DNA damage [118]. Even when the
DNA damage promoted by E6*I could eventually culminate in apoptosis, some data support the idea
that the induction of DNA damage by ROS could be related to the amplification of HPV DNA, which
would require different regulators of the homologous recombination DNA repair system [119] or to
HPV genome integration [120], suggesting that E6*I could be participating in the HPV viral cycle, as
well as in cancer establishment.

It is well known that E6 targets PDZ (postsynaptic density-95/discs large/zonula occludens-1
domain) containing proteins, inducing their degradation. Moreover, HPV18 E6*I protein, as well as E6,
induces the degradation of PDZ containing proteins such as Dlg (Drosophila disc-large), MAGI-1 and
h-Scrib. The ability to promote Dlg degradation is conserved among HPV31, 16 and 81 E6*] proteins;
however, E6*I cannot bind to this protein. Currently, there is only one PDZ containing protein shown to
interact with E6*], allowing its degradation. This protein, termed PAT] can interact with E6*I in a PDZ
binding motif (PBM)-independent manner or through other cell proteins that allow this interaction.
In addition, this study demonstrated that HPV18 E6*I induces the degradation of Akt, in contrast to
E6, which is not able to decrease Akt levels. This suggests that E6*] of HPV18 could be regulating
processes involved in survival and cell growth [25,121].

Very little is known about the functions of other E6 spliced isoforms. HPV16 E6°E7 is a
predominantly cytoplasmic protein that contains 41 aa of E6 in its N-terminal half and 38 aa of
E7 in its C-terminal half. It has been shown that E6"E7 binds to the cellular chaperones HSP90«,
HSP90p and Glucose-regulated protein 78 (GRP78) but only HSP90 and GRP78 induce E6"E7, E6 and
E6*1 stabilization. In addition, E6, E7 and E6*] proteins are stabilized by E6"E7, in a manner dependent
on the endogenous chaperones [60].

8. Conclusions

The sustained higher proportion of E6*] compared to E6 mRNA observed in different lesions and
tumors, suggests that the generation of E6* isoforms has an important role in cancer development.

Alternative splicing within the E6 ORF could be mediated by donor and acceptor splicing site
sequences and surrounding fragments, which regulate the most efficient recruitment of the spliceosome
elements. Discrepancies found in E6 splice patterns in diverse study models could be due to the
presence of specific regulatory factors depending of the cell context or to differences in the physical
state of the HPV genome during the progression of an HPV infection to cancer. The loss of E2 protein
due to viral genome integration [122] could also affect the splicing process, since E2 is a mRNA binding
protein which regulates E6 splicing [99]. Moreover, since HPV genome integration occurs at distinct
sites in the host genome [75], it cannot be discarded that in some cases host genes involved in splicing
regulation could be disrupted and therefore change the splicing patterns. Until now, little is known
about the specific mechanisms regarding the modulation of E6 splicing patterns but all the evidence
suggests that the presence of E6 spliced transcripts is a common event in cervical carcinogenesis.
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It is worth mentioning that comparing the E6 splicing patterns among biological models analyzed
with different methodological tools is a difficult task. The variations in results among different studies
may be due to the choice of different techniques.

In studies using RT-PCR, the selection of primers commonly leads to the amplification of
splice variants just within the E6/E7 ORFs, excluding some of the spliced transcripts involving
the early HPV mRNA. In contrast, studies using deep sequencing techniques describe the splice
forms extensively, allowing a robust analysis of the transcripts. Although this technology gives us a
better approach to the diversity and quantity of E6 transcripts, more information is still needed to
associate these transcripts with cancer progression. Moreover, it is difficult to achieve an adequate
comparison between observations obtained through diverse methods that present different sensitivity.
Nevertheless, the quality of the studies has increased over the time, permitting the detection of
transcripts that are present in very low concentrations, such as E6"E7 (E6*X).

Some authors argue that while E6* transcripts can be abundant in some models, E6* proteins
cannot be detected [59,101,123]. Nevertheless, other researchers have clearly identified E6*
proteins, supporting that E6* transcripts can produce at least one E6* protein [91,109,114,118,124].
Anti-oncogenic effects have been attributed to E6* proteins [112], although other effects, such as
promotion of DNA damage [118,120], degradation of PDZ containing proteins related to cellular
polarity [25] and stabilization of E6 and E7 oncogenic proteins [60] are effects involved in cancer
development, clearly demonstrated for E6* proteins . In addition, E6* proteins could have different
effects depending on the cellular context where different E6* protein conformations could be
generated [105], promoting distinct interactions with cellular binding partners.

The different splicing patterns for E6/E6* observed among tumors or during the different stages in
cancer progression could provide a wide variety of E6 isoforms with an impact on biological processes.
Nevertheless, oncogenic and/or non-oncogenic functions reported for E6* proteins, make it difficult to
sort them out as tumor suppressor or oncoproteins in HPV-related tumors. Currently, the possibility
that E6* proteins contribute to the HPV transformation process has gained attention and much data
has been generated that has opened a window of opportunities in the study of these proteins regarding
their participation in the HPV life cycle and/or in cancer establishment.
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Abstract: Persistent high-risk human papillomavirus infection is the main risk factor for cervical
cancer establishment, where the viral oncogenes E6 and E7 promote a cancerous phenotype. Metabolic
reprogramming in cancer involves alterations in glutamine metabolism, also named glutaminolysis,
to provide energy for supporting cancer processes including migration, proliferation, and production
of reactive oxygen species, among others. The aim of this work was to analyze the effect of HPV16
E6 and E7 oncoproteins on the regulation of glutaminolysis and its contribution to cell proliferation.
We found that the E6 and E7 oncoproteins exacerbate cell proliferation in a glutamine-dependent
manner. Both oncoproteins increased the levels of transporter SNAT1, as well as GLS2 and GS
enzymes; E6 also increased LAT1 transporter protein levels, while E7 increased ASCT2 and xCT.
Some of these alterations are also regulated at a transcriptional level. Consistently, the amount
of SNAT1 protein decreased in Ca Ski cells when E6 and E7 expression was knocked down. In
addition, we demonstrated that cell proliferation was partially dependent on SNAT1 in the presence
of glutamine. Interestingly, SNAT1 expression was higher in cervical cancer compared with normal
cervical cells. The high expression of SNAT1 was associated with poor overall survival of cervical
cancer patients. Our results indicate that HPV oncoproteins exacerbate glutaminolysis supporting
the malignant phenotype.

Keywords: HPV16 E6 and E7 oncoproteins; SNAT1 transporter; glutaminolysis

1. Introduction

Persistent high-risk human papillomavirus (HR-HPV) infection is the main risk factor
for the development of different types of anogenital as well as head and neck cancers of
which cervical cancer (CC) has the largest fraction attributable to HPV [1,2]. CC ranks
fourth in mortality and incidence of neoplasms in women worldwide, particularly in
developing countries [3,4].

The oncogenic potential of HPV is mainly attributed to the sustained expression of
E6 and E7 oncoproteins, which affect a plethora of proteins involved in the acquisition
of transforming characteristics that impact cell differentiation, inhibition of apoptosis,
immortalization, metabolic reprogramming, and evasion of the immune response [5,6].
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The most studied functions of the E6 and E7 oncoproteins lie in their ability to bind to and
promote the degradation of p53 and pRb tumor suppressor proteins, respectively [7-9],
leading to cell cycle dysregulation and resistance to apoptosis, which are key processes
in carcinogenesis.

Cancer cells reprogram their metabolic pathways to support the increased energy
demand necessary for cell proliferation, which in CC is achieved by the actions of both E6
and E7 oncoproteins [10]. In cancer cells, glycolysis is the most widely used pathway to
produce energy and drive different metabolic activities [11]. Other metabolic pathways are
also altered during carcinogenesis or cancer maintenance, such as the glutamine pathway
or glutaminolysis [12,13]. Glutamine is a carbon and nitrogen source with an essential
role in cancer cell growth [14,15]. Glutamine participates in the synthesis of purines and
pyrimidines and other amino acids, and it is a precursor for the synthesis of reduced
glutathione (GSH) in the regulation of oxidative stress [16-19]. Therefore, glutamine is an
important player in cancer metabolism. Under normal conditions, glutamine enters the cell
via members of various families of transporters such as SLC38A, SLC7A, and SLC1A; the
most characterized being SNAT1, ASCT2, LAT1, and xCT. Accumulated evidence reveals
that glutamine transporters are dysregulated in various types of cancer [20-24]. Once in the
cell, glutamine is deaminated in the mitochondria by glutaminase 1 and 2 (GLS and GLS2)
enzymes, generating glutamate and ammonia [25]. Afterwards, glutamate is converted to
a-ketoglutarate and ammonia by glutamate dehydrogenase (GLUD) [26]. Furthermore,
glutamic-oxaloacetic transaminase 1 (GOT1) catalyzes the formation of glutamate from
a-ketoglutarate in the cytosol, which is the reverse activity of aspartate aminotransferase
(AST or GOT2) within the mitochondria [25]. In addition, glutamine can also be obtained
from glutamate through glutamine synthetase (GS) activity [26].

Little information is available on the involvement of HPV16 in glutamine metabolism.
Previous reports show that the HPV16 E7 oncoprotein increased glutamine and pyruvate
uptake in NIH 3T3 cells with high glycolytic index, compared with those cells with low
glycolytic index [27,28]. In A2780 ovarian cancer cells, ectopically expressed E6 increased
glucose and glutamine uptake, which also promoted lactate and alanine secretion [29].
Moreover, an RN Aseq analysis revealed low expression of the xCT transporter in HPV-
positive head and neck squamous cell carcinomas (HNSCC) compared with HPV-negative
HNSCC [30]. However, the regulation of elements involved in glutaminolysis by HPV
oncoproteins remains elusive. Therefore, the aim of this study was to evaluate the role of
the HPV16 E6 and E7 oncoproteins in the glutamine pathway and their contribution in
supporting cervical cancer cell proliferation.

We found that proliferation is preferentially dependent on glutamine in cells express-
ing E6 and E7. Interestingly, E6 and E7 increase the levels of the SNAT1 transporter, as well
as the GLS2 and GS enzymes. Furthermore, E6 also increases LAT1 transporter levels, while
E7 increases ASCT2 and xCT. In some cases, the modulation of these proteins was also
associated with increased gene expression. Consistently, the SNAT1 transporter protein
was decreased in Ca Ski cells when E6 and E7 expression was abrogated. Finally, SNAT1
expression was found to be significantly higher in cervical cancer samples compared with
normal cervical cells and was also associated with poorer overall survival in cervical
cancer patients.

2. Materials and Methods
2.1. Cell Culture

C-33 A stably transfected cells harboring HPV16 E6 and E7 coding sequences cloned
into the pXFLAG-CMV™-10 expression vector (Sigma Aldrich, Tokyo, Japan) were used.
For protein identification, E6 and E7 genes were fused to Flag and HA-tag sequences,
as previously described [31]. Stably transfected cells were grown in Eagle’s Minimum
Essential Medium (EMEM) (ATCC) supplemented with 10% fetal bovine serum (FBS) and
2 g/L of Geneticin 418 (ChemCruz, Santa Cruz, CA, USA). Experimental groups of stably
transfected cells were defined as EV (Empty Vector), E6 (HPV16 E6), or E7 (HPV16 E7).
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HPV16-positive Ca Ski cells were maintained in Roswell Park Memorial Institute (RPMI)
1640 Medium (Gibco, Thermo Fisher, Waltham, MA, USA) supplemented with 10% FBS.
Cell cultures were maintained in a humified incubator at 37 °C in a 5% CO; atmosphere.

2.2. Proliferation Assays

Stably transfected C-33 A cells were seeded in 60 mm dishes. After 24 h, cells were
harvested and re-seeded in a 96-well plate and incubated with different treatments for
24 h, 48 h, and 72 h. Cells were grown with Dulbecco’s Modified Eagle’s Medium (DMEM)
(Gibco, Thermo Fisher, Waltham, MA, USA) lacking D-glucose, L-glutamine, phenol red,
and sodium pyruvate. Where indicated, the medium was supplemented with 4.5 g/L of
glucose solution (Gibco, Thermo Fisher, Waltham, MA, USA) and/or 2 mM of L-glutamine
solution (Gibco, Thermo Fisher, Waltham, MA, USA). Then, MTS (3-(4,5-dimethylthiazol-2-
y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) assay was
performed using CellTiter 96 AQueous One Solution Cell Proliferation Assay Kit (Promega,
Madison, WI, USA) according to the instructions indicated by the manufacturer.

For cell density evaluation, cells were fixed with PBS/formalin (10%) for 30 min at
room temperature while shaking. Cells were then stained with crystal violet solution
for 20 min. After several washes, the dye was eluted using PBS/acetic acid (10%) and
absorbance was measured at 490 nm. Data were graphed to determine the percentage of
cell proliferation for each tested condition.

2.3. Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)

Cells were seeded in 60 mm culture dishes and total RNA extraction was performed
using the RNeasy Mini kit (Qiagen, Hilden, Germany). Isolated RNA was treated with
DNAse Free DNA removal kit (Thermo Fisher Scientific, Waltham, MA, USA) and then
1 pg of RNA was reverse transcribed with random hexamers utilizing the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). Primers used
for the amplification of each transcript are shown in the Supplementary Materials, Table S1.
SYBR select Master Mix (Applied Biosystems, Foster City, CA, USA) was utilized for qPCR
reactions. The results are presented as relative quantification using the #2Ct method.

2.4. Western Blotting

Cells were cultured in 60 mm dishes. After 24 h, cells were lysed using 100 pL of
RIPA lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 0.25% Sodium
Deoxycholate, 1% SDS and protease inhibitor cocktail (Roche, Basel, Switzerland)). Total
cell protein extracts (20 pg) were analyzed by 10% and 12% SDS-PAGE gels and transferred
onto a 0.22 pum nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). A solution of 10%
skimmed milk in TBS-0.1% Tween 20 was used to block membranes during 1 h at room
temperature. Further, membranes were incubated overnight with the appropriate primary
antibody diluted in 2.5% milk/0.1% Tween 20/PBS.

Primary antibodies included anti-GLS2 (Invitrogen, Waltham, MA, USA); anti-SLC7A5
(Invitrogen, Waltham, MA, USA); anti-xCT (Cell signaling); anti-ASCT2 (Cell signaling,
Danvers, MA, USA); anti-GLS1 (Cell signaling); anti-SNAT1 (Cell signaling); anti-GS
(Abcam, Cambridge, UK); anti-p53 (Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-
Myc (Abcam), anti-HA-tag (Cell signaling); and anti-o-Tubulin (Cell signaling). Membranes
were washed thrice with TBS-0.1% Tween 20 and incubated with HRP-conjugated secondary
anti-mouse or anti-rabbit antibody in a dilution 1:10000 dilution (Santa Cruz Biotechnology).
Proteins were visualized through film-based imaging utilizing the Clarity Western ECL
(Bio-Rad). Western blots were performed at least thrice to ensure result reproducibility.

2.5. Metabolic Measurements

Stably transfected C-33 cells were seeded for 24 h in DMEM medium with 10% FBS.
Later, cells were thoroughly washed with PBS to ensure removal of glutamine or other
metabolites, excluding possible cross contaminations. Cells were then starved for two
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hours in DMEM medium without glucose or glutamine. Afterward, 2 mM of glutamine
was added to cell cultures for subsequent measurements by HPLC at different times (5 min,
15 min, and 30 min). The group of cells that were not treated with glutamine was considered
as time 0. Glutamine and glutamate levels were determined by HPLC (high-performance
liquid chromatography) using a fluorescence detector model 5200 (PerkinElmer, Waltham,
MA, USA) at excitation wavelength 232 nm and emission wavelength 455 nm. For such
purposes, samples were previously lysed with 85% methanol, centrifuged at 12500 rpm for
15 min at 4 °C, and supernatant was obtained. Afterward, 10 uL of supernatant was treated
with OPA reagent (containing 25 mg OPA + 625 uL methanol + 5.6 mL of 0.3 M borate
buffer (pH 9.5) + 25 puL 2-mercaptoethanol) and eluted through a methanol gradient at a
flow rate of 1.5 mL/min. The mobile phase containing 0.29% acetic acid (JT Baker, Gallade
Chemical, Santa Ana, CA, USA) and 1.5% tetrahydrofuran (Mallinckrodt, Blanchardstown,
Dublin, Ireland), pH 5.9, was added. The derivatives were separated through a PROTECOL
C18G125 column of 5 pm particle size, 150 mm X 4.6 mm (Alltech, Nicholasville, KY, USA).
The retention time for glutamate was ~3.6 min and for glutamine ~6.4 min. The results are
presented as nmoles of glutamine/mg of protein and nmoles of glutamate/mg of protein.

2.6. HPV16 E6/E7 and SNAT1 siRNA Knock Down

Ca Ski cells were seeded in 60 mm dishes and transfected with small interfering RNAs
targeting siE6/E7 (Dharmacon, Lafayette, CO, USA) or siSNAT1 (Santa Cruz, Bio, Santa
Cruz, CA, USA). As the control, siLuc (Dharmacon, Lafayette, CO, USA) was used. Trans-
fections were performed with 9 uL of Lipofectamine™ RNAiIMAX (Invitrogen, Waltham,
MA, USA) according to the manufacturer’s instructions. After 72 h, cells were either fixed
for fluorescence analyses or harvested to obtain protein extracts using RIPA buffer. Pro-
tein levels were evaluated by Western blot, the location of each protein was analyzed by
immunofluorescence, and gene expression was evaluated by qRT-PCR, as indicated.

2.7. Immunofluorescence and Cell Imaging

Ca Ski cells were seeded on slides in 60 mm dishes and transfected with the indicated
siRNA. After 72 h, cells were fixed with 3.7% paraformaldehyde in PBS for 15 min and
permeabilized with 0.04% NP-40/PBS. Cells were incubated with 0.1M Glycine and 5%
BSA solution for 1h at room temperature for blocking purposes. Then, cells were incubated
overnight at 4 °C with anti-p53 (Santa Cruz Biotechnology) and anti-SNAT1 (Cell signaling)
antibodies. After several washes with PBS 1x, cells were incubated with Alexa fluor
488 donkey anti-mouse (Invitrogen, Waltham, MA, USA) and Alexa fluor Rhodamine
Red-X goat anti-rabbit (Invitrogen, Waltham, MA, USA), respectively, for 2 h at 4 °C. Slides
were washed and mounted with Vectashield mounting medium containing DAPI (Vector
Laboratories, Newark, CA, USA). Slides were visualized with a confocal microscope (Zeiss
LSM 710 DUO, Oberkochen, Baden-Wurttemberg, Germany) with lasers giving excitation
lines at 488 and 594 nm. Around twenty fields were observed for each treatment and
representative images were acquired. Data of three independent experiments were collected
with a 63X objective oil immersion lens. In addition, the same protocol was carried out to
evaluate SNAT1 in C-33 A stably transfected cells.

2.8. Cervical Samples

A total of 23 cervical cancer samples were obtained from the Tumor Biobank of the
Instituto Nacional de Cancerologia of Mexico City (INCan) and 18 normal HPV-negative
cervical samples were kindly provided by the Instituto Nacional de Salud Publica (INSP).
Samples were subjected to RNA extraction for gPCR analysis to determine SNAT1 expres-
sion. The protocol was approved by the Institutional Scientific and Ethical committees of
INCan, ref. (017/007/1IBI) (CEI/1144/17). All patients whose samples were utilized in this
study agreed to participate and signed the informed consent form.
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2.9. Statistical Analysis

All experiments were performed three times and data were depicted as the
mean =+ standard error of the mean (SEM). To determine significant statistical changes in
the experimental conditions compared with the control, we used a Student’s ¢-test and a
p value of <0.05 was considered statistically significant.

3. Results
3.1. HPV16 E6 and E7 Oncoproteins Promote Glutamine-Dependent Proliferation

C-33 A cells stably transfected with plasmids expressing HPV-16 E6 and E7 and Empty
Vector (EV) were used as previously described [31]. As expected, detection of exogenous
HA-tagged HPV16 E6 and E7 proteins was successfully achieved by immunofluorescence
(Figure 1A) exhibiting mostly a nuclear localization; although, viral oncoproteins are also
observed in the cytoplasm. Western blot assays (Figure 1B) show HA-tagged E6 and E7
proteins, where E6* is the most abundant isoform in E6-expressing cells.
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Figure 1. HPV16 E6 and E7 promote glutamine-dependent proliferation in C-33 A cells stably trans-
fected with the HPV-16 E6 and E7 oncoproteins. (A) Detection of E6 and E7 HA-tagged oncoproteins
in C-33 A cells (green) and DAPI-stained cell nuclei are shown in blue. (B) Immunodetection of
E6 and E7 HA-tagged proteins in C-33 A cells. In E6-expressing C-33 A cells, the full length and
the spliced E6* isoform are also detected. (C) MTS and (D) Crystal Violet assays were performed
to assess glutamine-dependent cell proliferation. Cells were grown in media supplemented with
different concentrations of glutamine (1 mM, 2 mM, and 4 mM) and glucose (5 mM) as indicated.
Cells harboring E6 (pink bars), E7 (green bars), or the control EV (black bars) are depicted. Graphs
show the data as the mean and + SEM of three independent experiments. Statistical analysis was
performed using Student’s t-test to analyze significant values when comparing E6 and E7 with EV
within each group, as indicated. * p < 0.05, ** p < 0.01 and ** p < 0.001 and **** p < 0.0001.
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To demonstrate glutamine-dependent proliferation in cells expressing E6 and E7 onco-
proteins, cells were supplemented with different concentrations of glutamine (0 mM, 1 mM,
2 mM, and 4 mM) in the presence or absence of 5 mM of glucose. Cell proliferation was
assessed 72 h after glutamine exposure using MTS or Crystal Violet assays. As shown in
Figure 1C, the MTS assay revealed no differences in cell proliferation in cells expressing E6
and E7 compared with those with EV, when glutamine and glucose were absent. Surpris-
ingly, the same effect was observed even when the growth medium was supplemented with
5 mM glucose alone. After glutamine addition, increased proliferation was observed in all
tested groups when evaluated in MTS assays, being significantly higher in cells expressing
E6 and E7. Importantly, cells expressing E7 treated with 1 mM, 2 mM, or 4 mM glutamine
alone had a significant increase in proliferation, relative to the control group with the same
treatment (1.56-, 2.16-, 1.70-fold change, respectively). Similarly, E6-expressing cells treated
with 1 mM, 2 mM, or 4mM glutamine alone presented an increase in proliferation, relative
to the control group with the same treatment (1.31-, 1.46-, 1.57-fold change, respectively),
however, only 2 mM glutamine treatment showed significance. Interestingly, when cells
were incubated with 5 mM glucose plus glutamine, proliferation was increased when
compared with cells without glutamine/glucose treatment or glucose alone. Particularly, in
the group treated with 2 mM glutamine plus glucose, a significant difference was observed
in cells expressing E6 and E7 compared with EV (2.42- and 2.33-fold change, respectively).

The crystal violet assay depicted in Figure 1D shows similar behavior to that obtained
using the MTS assay, where cells with E6 and E7 increased proliferation in the presence of
glutamine alone at 1 mM (1.39- and 1.52-fold change, respectively); 2 mM (1.39- and 1.92-
fold change, respectively); and 4 mM (1.53- and 1.62-fold change, respectively). However,
no additional advantage in this effect was identified by adding glucose. According to
the results obtained with the MTS assays, no changes were observed in the absence of
glutamine and glucose, nor in cells treated with glucose alone. These results strongly
suggest that E6 and E7 oncoproteins promote the use of the glutamine pathway as the
primary energy source to support cell proliferation.

3.2. Intracellular Glutamine and Glutamate Increase in the Presence of HPV16 E6 Oncoprotein

To characterize the glutaminolysis profile of C-33A cells expressing EV, E6, or E7, intra-
cellular glutamine and glutamate metabolites were measured through HPLC assay. Cells
were fasted for two hours in medium deprived of glutamine and glucose. Subsequently,
EV, E6, and E7 groups were exposed to 2 mM glutamine at different times (0 min, 5 min,
15 min, and 30 min) and HPLC assays were performed. The group of cells that were not
treated with glutamine was considered as time 0.

Figure 2A shows that after 5 min of treating the cells with glutamine, a significant
increase in intracellular glutamine concentrations was achieved in cells expressing the E6
oncoprotein, compared with with those harboring EV (4.91-fold increase), and an increase
was also observed compared with E6 expressing cells at time 0 (2.85-fold change). At 15 min
and 30 min, intracellular glutamine values in cells expressing E6 return to levels similar to
those detected for EV in each group. These results suggest that the HPV16 E6 oncoprotein
increases intracellular glutamine immediately after exposure to glutamine. Meanwhile, in
cells with E7 expression, an increase in intracellular glutamine was observed after 15 min of
glutamine treatment (1.63-fold increase), which was related to the EV condition and to cells
expressing E7 at time 0 (1.58-fold); however, even when an increasing trend was observed,
the results were not significant.

When evaluating the intracellular glutamate concentrations upon exposure to glu-
tamine (Figure 2B), it was observed that cells expressing E6 or E7 had lower glutamate
levels than those with EV at time 0. This could be partly explained if cells with the viral
oncoproteins have accelerated glutamate consumption which deserves further study. Upon
addition of glutamine, E6-expressing cells showed a significant increase in the intracellular
glutamate concentration after 30 min (4-fold change, relative to time 0). Furthermore,
glutamate levels in EV cells remained similar in all tested conditions. Interestingly, cells
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expressing E7 showed an increase in intracellular glutamate levels after 5 min, 15 min, and
30 min (1.64-, 2.13-, and 1.71-fold change, respectively), compared with E7-expressing cells
at time 0, although not significant. These results suggest that in E6- and E7-containing cells,
glutamate is derived from the deamination of glutamine along glutaminolysis.
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Figure 2. Intracellular glutamine and glutamate increase in the presence of the HPV16 E6 and E7
oncoproteins. HPLC analysis of (A) intracellular glutamine and (B) intracellular glutamate in C-33
A cells stably transfected with EV (black bars), E6 (pink bars), or E7 (green bars). The data were
evaluated at 0 min, 5 min, 15 min, and 30 min after adding glutamine to the media. Statistical analysis
using Student’s t-test was performed to obtain significant values when comparing cells harboring E6
and E7 with the EV group, as indicated. * p < 0.05 is considered to be significant.

3.3. SNAT1 Glutamine Transporter Expression and Protein Levels Increase in the Presence of
HPV16 E6 and E7 Oncoproteins

To determine whether E6 and E7 oncoproteins affect the expression and protein content
of glutamine-related transporters, Western blot, qPCR, and immunofluorescence assays
were performed. As shown in Figure 3A and B, a remarkable increase in the protein levels of
SNAT1 and LAT1 transporters was observed in the presence of E6, relative to the EV control
group (7.97- and 2.04-fold change, respectively). Meanwhile, E7 significantly increased the
levels of the ASCT2 and xCT transporter proteins (1.70- and 1.68-fold, respectively).

Furthermore, qPCR assays (Figure 3C) revealed that E6 and E7 induced the expression
of the SLC38A1 gene (SNAT1) (2.07- and 2.11-fold change, respectively). Moreover, E7
significantly upregulated gene expression of SLC1A5 (ASTC2) (1.57-fold change) and
SLC7A11 (xCT) (1.74-fold change). Interestingly, immunofluorescence assays shown in
Figure 3D and E confirm overexpression of SNAT1 in E6- and E7-expressing cells, compared
with the EV control. Taken together, these results indicate that E6 and E7 oncoproteins
preferentially regulate SNAT1 as a key glutamine transporter.

To support these results, we evaluated another stably transfected clone of C-33 A cells
expressing E6 or E7 (E6-Clone 2 and E7-Clone 2) and found increased SNAT1 protein in
relation to the control (EV-Clone 2) (1.72-, 2.31-fold change, respectively) (Supplementary
Materials, Figure S1).
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Figure 3. SNAT1 transporter is increased in the presence of HPV16 E6 and E7 oncoproteins. Pro-
tein levels and gene expression of the glutamine transporters were analyzed by Western blot and
qPCR assays, respectively, in C-33 A cells harboring EV (black bars), E6 (pink bars), and E7 (green
bars). (A) Representative immunoblots of SNAT1, ASCT2, xCT, and LAT1 are depicted. As loading
control x-actinin was used. (B) Relative protein levels were obtained from densitometric analysis
of immunoblots. (C) Relative expression analysis of SLC38A1, SLC1A5, and SLC7A11 genes was
assessed by gPCR. (D) Stably transfected C-33 A cells were immunostained with anti-SNAT1 antibody
(green) and DAPI for nuclear visualization (blue). (E) Corrected total cell fluorescence (CTCF) was
obtained for SNAT1. Images were visualized with a 63x objective oil immersion lens. Data from three
independent experiments were collected and plotted showing the mean and £=SEM. Student’s t-test
was performed to obtain statistical differences between the E7 and E6 groups compared with empty
vector values (EV). * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 values are represented
as indicated.
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3.4. HPV16 E6 and E7 Modify Glutaminolysis-Related Components

As we previously demonstrated that the HPV16 E6 and E7 oncoproteins promote
upregulation of transporters that mediate glutamine uptake, we evaluated key components
of the glutamine pathway. GLS, GLS2, and GS protein levels were assessed by Western blot.
In Figure 4A,B, GLS protein levels do not change in cells expressing E6 and E7, compared
with EV cells. Surprisingly, when evaluating GLS2 and GS, protein levels increased in
the presence of E6 (4.76- and 1.97-fold change, respectively) and E7 (3.83- and 1.94-fold
change, respectively). We also evaluated p53 and c-Myc proteins since they are known
to be transcriptional regulators of glutaminolysis. As expected, p53 protein is virtually
eliminated in the presence of E6, while an increase in this protein was observed in cells
containing E7, which is consistent with previously reported data [32]. In addition, there is
a significant increase in c-Myc protein levels in cells expressing E6 (1.52-fold change) or E7
(2.36-fold change).
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Figure 4. HPV16 E6 and E7 oncoproteins alter components of the glutamine pathway. (A) Im-
munodetection of GLS, GLS2, GS, p53, and c-Myc proteins in cells expressing E6 and E7 and (B)
densitometric analysis. (C) Transcript levels of GLS, GLS2, and GLUD analyzed by qPCR. Data from
three independent experiments were collected and plotted showing the mean and +=SEM. Statistical
analysis was performed using Student’s ¢-test to decipher significant values * p < 0.05, ** p < 0.01,
and *** p < 0.001 vs the values of the empty vector. As a loading control, x-actinin was used in the
Western blot assay and 185 was used for normalization in the qPCR assays.

The transcript levels of GLS, GLS2, and GLUD were analyzed by qPCR (Figure 4C).
The E6 and E7 oncoproteins promote a significant increase in GLS expression compared
with EV (1.37- and 1.26-fold change, respectively), while GLS2 and GLUD expression only
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augmented in the presence of E6 (1.88- and 1.86-fold change, respectively). Taken together,
our results demonstrate that both viral oncoproteins regulate the glutamine pathway by
enhancing amino acid transporters and downstream components involved in this pathway.

3.5. SNAT1 Transporter Expression and Protein Levels Are Reduced in Ca Ski
E6/E7-Silenced Cells

Since ectopically expressed E6 and E7 oncoproteins increased SNAT1, we were in-
terested in evaluating the consequences of silencing E6 and E7 in Ca Ski cells, which
endogenously contain HPV16 sequences and continuously express those oncoproteins. Ca
Ski cells were transfected with small interfering RNAs (siRNA) targeting E6 mRNA (siE6),
E7 mRNA (siE7), and E6/E7 mRNA bicistron (siE6/E7). An unspecific siRNA (siLuc) was
used as a control. Figure 5E and F show that silencing of E6 and E7 expression was effi-
ciently achieved. After 72 h, cell protein lysates were collected or fixed for immunodetection
analysis by Western blot and immunofluorescence assays, respectively. As expected, when
E6/E7 were knocked down in Ca Ski cells, a recovery in p53 protein levels was observed
by Western blot (Figure 5A,B) and immunofluorescence (green) (Figure 5J,L). Interestingly,
when evaluating the SNAT1 transporter by immunoblot as shown in Figure 5C,D and
immunofluorescence (red) (Figure 5],K ), SNAT1 levels were significantly decreased when
E6/E7 expression was ablated. In addition, a significant decrease in the expression of
SLC38A1 (SNAT1), SLC15A (ASCT?2), and GLS2 was observed in cells where E6 or E7
expression was knocked down (Figure 5G-I, respectively). These data confirm that E6 and
E7 alter elements of glutaminolysis, particularly the SNAT1 transporter, which may have
an impact on the glutamine metabolism.
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Figure 5. SNAT1 transporter is affected by the silencing of E6 and E7 expression in HPV-positive Ca
Ski cells. Ca Ski cells were transfected with siLuc (control), siRNAE6/E7, siE6, or siE7. After 72 h of
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treatment, proteins were analyzed through Western blot. (A,B) Protein levels of p53 were restored in
the absence of E6 and E7. (C,D) SNAT1 protein transporter levels decreased after ablation of E6/E7,
as loading control x-actinin was used in Western blot. (E) Gene expression of HPV16 E6 and (F)
E7, (G) SLC38A1 (SNAT1), (H) SLC1A5 (ASCT2), and (I) GLS2 decreased after ablation of E6 or E7.
The 18S gene was used for normalization in qPCR assays. (J) SNAT1 and p53 levels were analyzed
through immunofluorescence. Restoration of p53 (shown in green) and a decrease in SNAT1 protein
levels (shown in red) were observed in E6/E7-silenced cells. Images were collected with a 63 x
objective oil immersion lens. (K) CTCF arbitrary fluorescence units were obtained for quantification
of SNAT1 and (L) p53 protein levels. Data from three independent experiments were collected and
plotted showing the mean and +SEM. Statistical analysis was carried out using Student’s t-test to
obtain significant values. * p < 0.05, ** p < 0.01, and *** p < 0.0001 vs. siLuc.

3.6. SNAT1 Transporter Partially Contributes to Ca Ski Cell Proliferation

To determine whether glutamine supports Ca Ski cell proliferation, MTS assays were
performed in cells supplemented with low concentrations of glucose (1 mM) in the presence
or absence of 2 mM glutamine, and assays were performed 72 h after treatments. As shown
in Figure 6A, when Ca Ski cells were treated with low glucose plus 2 mM glutamine, a
significant 2-fold increase in cell viability was observed compared with Ca Ski cells exposed
to low glucose alone. It is worth mentioning that when Ca Ski cells are treated with 2 mM
glutamine in the absence of glucose at 72 h, proliferation is also increased compared with
the absence of glutamine (data not shown), evidencing the glutamine requirement for
successful growth.
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Figure 6. Ca Ski cell proliferation is increased in the presence of glutamine which is partially attributed
to the SNAT1 transporter. (A) Ca Ski cells were grown in DMEM medium supplemented with 1 mM
glucose and in the presence or absence of 2 mM glutamine as indicated. MTS proliferation assay was
performed after 72 h. (B) SNAT1 silencing was evaluated through immunoblot in cells transfected
with siLuc or siSNAT1; a-tubulin was used as loading control. (C) Proliferation was measured
by MTS assay in Ca Ski cells doubly transfected with siSNAT1 and siLuc was used as the control.
Graphs show data as the mean and + SEM of three independent experiments. Statistical analysis was
performed using Student’s t-test to analyze the significant values when comparing with the indicated
groups, significance is represented as ** p < 0.01 and **** p < 0.0001.

Furthermore, to elucidate the specific involvement of the SNAT1 transporter in Ca
Ski cell proliferation, cells were transfected with siRNA targeting SNAT1 and siLuc (as
control). As previously reported by Liu X. et al. 2020 [33], a double knockdown of SNAT1
was performed. Ca Ski cells were transfected again 72 h after the first transfection. Then,
24 h after the second transfection, Ca SKi cell proliferation was assessed using the MTS
assay. SNAT1 protein levels were evaluated after 72 h of silencing and virtually no SNAT1
protein was detected (Figure 6B). A significant 8% reduction in proliferation was observed
when SNAT1 was abolished, compared with the control (siLuc) (Figure 6C). These results
support the idea that SNAT1 partially sustains cell proliferation of Ca Ski cells.
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3.7. SNAT1 Expression Is Increased in Cervical Cancer Samples and Its High Expression Is
Associated with a Poorer Prognosis in Cervical Cancer Patients

Our results suggest that HPV16 E6 and E7 induce the proliferation of cervical cancer
cells partially dependent on the SNAT1 transporter. We wondered whether SNAT1 expres-
sion could be affected in cervical cancer and if it was also associated with patient clinical
outcome. To assess differences in SNAT1 expression in cervical cancer samples compared
with normal samples, RT-qPCR assays were performed. As shown in Figure 7A, SNAT1
expression was significantly increased in cervical cancer tissues compared with normal
samples. Interestingly, as shown in Figure 7B, based on median expression, high SNAT1
expression in cervical cancer samples tends to be associated with poor overall survival
(OS) although not significant (p = 0.544). These interesting results are consistent with those
described in the Human Protein Atlas portal [34], where high SNAT1 expression exhibits
low OS in patients with cervical cancer. However, a more robust study including a larger
number of patient samples is needed to confirm such observations.
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Figure 7. SNAT1 expression is increased in cervical cancer and its high expression is associated with
worse prognosis. (A) SNAT1 expression was increased in cervical cancer samples (1 = 23) compared
with normal cervical samples (1 = 18); * p < 0.05 represents significant differences in both groups.
(B) Differences in the overall survival analysis according to the median expression of SNAT1, as high
(n =10) or low expression (n = 9) (p = 0.544). Low mRNA levels are represented by blue lines and
high levels by red lines.

4. Discussion

An emerging feature of cancer cells is energetic metabolic reprogramming [35], which
rewires metabolic pathways for different nutritional requirements to provide energy and
building blocks to support several cellular processes associated with carcinogenesis, such
as cell survival and exacerbated growth, among others [36-38].

Metabolic reprogramming of the glutamine pathway has been reported to promote
pleiotropic functions in cells, including the synthesis of fatty acids, purines, and pyrimidines
as well as redox homeostasis, which are also essential for the maintenance of cancer cell
functions. Glutaminolysis has been found to be increased in different types of cancer
including liver [39], glioma [40], lung [41], breast [42], and ovarian [43], among others.
Therefore, the study of the elements involved in the glutamine pathway is of interest to
understand the molecular mechanisms that underlie the cancerous process, in addition
to exploring the potential use of these elements as therapeutic targets. However, little is
known about the alterations that occur in glutamine metabolism in cervical cancer and
the involvement of the HPV16 E6 and E7 oncoproteins in this process to maintain the
malignant phenotype.

Previously, E6 and E7 oncoproteins were reported to induce metabolic reprogramming
by affecting other metabolic pathways such as glycolysis, Krebs cycle, nucleotide synthesis,
fatty acid synthesis, mitochondrial respiration, and autophagy [10,44]. In this study, we
focused on elucidating the participation of HPV16 E6 and E7 oncoproteins in the regulation
of the glutamine pathway in a cellular model of cervical cancer. We show that C-33 A cells,
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exogenously expressing HPV-E6 and -E7 oncoproteins, exhibit exacerbated proliferation in
a glutamine-dependent manner and, surprisingly, no effect was observed when cells were
exposed to glucose alone. These data consistently support the idea that HPV oncoproteins
induce cell proliferation in a glutamine-dependent manner, being essential for maintaining
oncogenic processes in HPV-related cancers. Similarly, Ca Ski cells, which contain HPV16
sequences, also showed increased proliferation in the presence of glutamine. It is worth
mentioning that other amino acids, such as leucine and cysteine, enhance glutaminoly-
sis [45,46]; therefore, their involvement in cell proliferation in HPV-related cancers cannot
be ruled out and warrants further studies.

Comparably, it has been reported that in glutamine-deprived ovarian cancer cell lines
(HEY, SKOV3, and IGROV-1) the addition of glutamine augments cell proliferation in a
dose-dependent manner [43]. Moreover, it has been demonstrated that cancer aggressive-
ness correlates with glutamine-dependent proliferation. In breast cancer cell lines, it was
observed that when cells were deprived of glutamine for 96 h, metastatic cells (MCF7 and
MDA-MB231) substantially reduced their proliferation, while non-metastatic cells were not
affected (MCF-10A and BT-20) [47].

Furthermore, by evaluating the participation of E6 and E7 in the glutamine/glutamate
flux, we have shown that after exposing cells to 2 mM glutamine, E6 proteins increased
intracellular glutamine concentrations after 5 min. Meanwhile, a trend towards increased
intracellular glutamine in cells expressing E7 was observed at 15 min and 30 min. Likewise,
E6 promotes accumulation of glutamate at 30 min, while an ascending behavior was
detected in those cells with E7 expression at 5 to 30 min, although not significant.

Consistent with our results, in a cell model of ovarian cancer, E6 expression increased
glutamine consumption in A2780 cells [29]. In addition, HPV-16 E7 oncoprotein was
reported to enhance glutamine uptake in two strains of NIH 3T3 cells with different
metabolic characteristics, high- (hg-NIH) and low- (lg-NIH) glycolytic rate, where 1g-NIH
cells with E7 exhibited the highest consumption of glutamine and lower intracellular
glutamate concentration [27]. It should be noted that these cells were treated with DMEM
medium supplemented with 2 mM glutamine, which are similar conditions to those used
in this work, where the culture medium lacked glucose. These results suggest that E6 and
E7 oncoproteins can mediate glutamine/glutamate flux though alterations in glutamine
transporters, facilitating intracellular glutamine access.

Several amino acid transporters that mediate glutamine uptake have been shown
to be overexpressed in different types of cancer, including colon, breast, liver, lung, and
osteosarcoma, among others [22,48-52]. This fact suggests that tumors strongly require
glutamine intake to support cell survival and tumor growth. Since we found an increase
in intracellular glutamine in cells expressing E6 and E7, we focused on evaluating the
best-known glutamine transporters involved in glutamine uptake. Interestingly, we found
that both E6 and E7 increased SNAT1 protein and transcript levels compared with EV cells
(Figure 3).

Furthermore, effects individually exerted by each oncoprotein were observed, where
E6 increased LAT1 protein levels and E7 increased ASCT2 and xCT proteins and transcripts.
To demonstrate the specific involvement of E6 and E7 oncoproteins in glutamine regulation
in an HPV-positive cancer cell line, we knocked down the expression of E6 and E7 in Ca
Ski cells. As expected, recovery of p53 in the nucleus was observed after E6/E7 ablation,
compared with control cells. Interestingly, in Western blot and immunofluorescence assays
(Figure 5), SNAT1 was significantly decreased when E6/E7 was knocked down. Further-
more, the expression of SNAT1, ASCT2, and GLS2 genes was also reduced. Taken together,
these results suggest that E6 and E7 oncoproteins converge in modulating SNAT1, which
may play a key role in glutamine uptake in cervical cancer, although other transporters,
including ASCT2 and xCT, are also involved.

Additionally, by evaluating downstream components of the glutamine pathway, E7
and E6 were found to increase GLS2 and GS protein content, demonstrating that there
is a balance in glutamine and glutamate metabolic flux. It should be noted that both
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oncoproteins may favor the use of the GLS2 enzyme over GLS. Previous studies indicate
that both isoforms may play oncogenic and anti-oncogenic roles depending on the type
of cancer [53]. For example, in breast cancer, GLS2 amplification or overexpression is
associated with acquisition of a malignant phenotype and poor prognosis [54,55]. Moreover,
GLS2 is known to be transcriptionally regulated by p53 [56,57], promoting glutamate
synthesis and glutathione homeostasis [58]. As expected, in C-33 A cells expressing E6,
p53 levels are overwhelmingly decreased, and despite this, GLS2 levels are increased. This
could be explained if GLS2 expression could also take place in a p53-independent context,
for example, being regulated by p63 [59]. Moreover, c-Myc has been shown to promote GLS
expression in different cancer cell lines [60]. We demonstrated a significant increase in c-
Myc protein in E6 and E7 expressing cells, which correlates with increased GLS expression,
suggesting that viral oncoproteins upregulate c-Myc, affecting GLS transcription. However,
no differences in GLS protein content were observed, possibly due to other GLS regulation
mechanisms not explored in this work.

As we demonstrated that HPV-16 E6 and E7 oncoproteins consistently increase SNAT1
protein levels, our research focused on elucidating the specific involvement of SNAT1 in
glutamine-dependent proliferation in Ca Ski cells. Interestingly, a slight but significant
reduction in cellular proliferation (Figure 6C) was observed when Ca Ski cells were knocked
down for SNAT1, even in the presence of 2 mM glutamine, suggesting that proliferation
induced by E6 and E7 is partially attributable to SNAT1 in Ca Ski cells. Nevertheless,
it is possible that other glutamine or glutamate transporters help to compensate for the
absence of SNAT1 in the presence of glutamine. As we show in this study, both E6 and
E7 oncoproteins upregulate other glutamine transporters such as ASCT2, LAT1, and xCT.
Future studies are required to elucidate the joint participation of the different glutamine
transporters affected by E6 and E7 in glutamine-dependent proliferation.

In accordance with these data, ablation of SNAT1 was reported to decrease cell prolif-
eration and migration in melanoma and gastric cancer cell models, evidencing that SNAT1
might play an important role in the maintenance of the malignant phenotype [61,62].

Several studies have reported that SNATT1 is a critical glutamine transporter for cancer
cells, the overexpression of which is associated with a poor prognosis [51,62,63]. Our
results (Figure 7) demonstrate that SNAT1 is increased in tumors compared with normal
tissues, and furthermore, that high SNAT1 expression is associated with poorer overall
survival of cervical cancer patients. Similarly, the data from the Human Protein Atlas portal
confirm this statement since an increase in the expression of SNAT1 also exhibited a worse
prognosis for patients with cervical cancer. Other studies demonstrated that high SNAT1
expression is strongly related to pulmonary metastasis and reduced survival in patients
with osteosarcoma [51]. Furthermore, Jing X. et al., demonstrated that high levels of SNAT1
protein are related to invasion, metastasis, and progression of gastric carcinomas and are
associated with poor survival of patients with gastric cancer [62].

Finally, our results demonstrate that the E6 and E7 oncoproteins promote glutamine
uptake and glutamine-dependent cell proliferation, partially attributed to the SNAT1
transporter, although the involvement of other transporters in such events should not
be ruled out, as summarized in Figure 8. In addition, we demonstrate that SNAT1 is
increased in cervical cancer in relation to the normal cervix and its high expression could be
associated with a poor prognosis in patients with cervical cancer. Therefore, understanding
the biological mechanisms by which HPV induces an increase in the activity of metabolic
pathways, such as glutaminolysis, will eventually allow the development of therapeutic
strategies, as well as the identification of biomarkers in HPV-associated cancers.
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Figure 8. HPV16 E6 and E7 oncoproteins alter the glutamine pathway. Both viral oncoproteins
upregulate the protein levels of the SNAT1 transporter, GLS2, and GS. Independently, E6 upregulates
LAT1 protein levels and gene expression of SLC38A1, GLS, GLS2, and GLUD; while E7 upregulates
ASCT2 and xCT protein levels and gene expression of SLC1A5, SLC7A11, and GLS. Figure created
with BioRender.com.
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Abstract: Background: Worldwide prevalence of Oropharyngeal Squamous Cell Carcinoma (OPSCC)
has increased, affecting mostly young males. OPSCC associated with Human Papillomavirus (HPV)
infection exhibits particular characteristics in terms of response to treatment, hence HPV has been
proposed as a prognostic factor. The impact of HPV positivity and associated biomarkers on OPSCC
in the Mexican population has not been addressed. Therefore, the analysis of OPSCC prognostic
markers in the Mexican population is necessary. Methods: Retrolective study in Mexican OPSCC
patients, where HPV prevalence, p16 and EGFR levels were assessed using INNO-LiPA and immuno-
histochemistry. Results: We found an HPV prevalence of 57.6% in OPSCC cases treated at a reference
center in Mexico. HPV and p16 positivity, as well as EGFR, associate with better outcomes in OPSCC
patients, and they also promote reduced death risk. Notably, HPV presence and p16 positivity
showed a significant association with disease-free survival (DFS), with a HR of 0.15 (p = 0.006) and a
HR of 0.17 (p = 0.012), respectively, indicating a possible role as predictive biomarkers in Mexican
OPSCC patients. Conclusions: Our results reflect the clinical utility of p16 analysis to improve overall
survival (OS) and to predict recurrence in oropharyngeal cancer. These results position p16 and HPV
as predictive biomarkers for OPSCC.

Keywords: HPV; OPSCC; p16; biomarker; Mexican population

1. Introduction

Head and neck cancer (HNC) is a public health threat, representing the seventh
most common neoplasia with approximately 562,328 annual cases [1]. HNC has been
associated with alcohol and tobacco consumption traditionally. Nonetheless, Human
Papillomavirus (HPV) infection has been recognized as an important etiological factor
for HNC development in the past years, mainly affecting the oropharyngeal region [2].
Particularly, oropharyngeal squamous cell carcinoma (OPSCC) has gained attention in past
decades due to the alarming increase in numbers, especially in HPV-associated cases [3,4].
HPV-positive HNC is associated with the practice of oral sex, mainly affecting young men.
The presence of HPV confers better prognosis after a radiotherapy treatment and a better
overall survival (OS) [5].

Pathogens 2022, 11, 1527. https:/ /doi.org/10.3390/ pathogens11121527

https://www.mdpi.com/journal /pathogens


https://doi.org/10.3390/pathogens11121527
https://doi.org/10.3390/pathogens11121527
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pathogens
https://www.mdpi.com
https://orcid.org/0000-0001-5516-6081
https://orcid.org/0000-0002-8087-8678
https://orcid.org/0000-0002-6809-0212
https://orcid.org/0000-0002-7553-2541
https://orcid.org/0000-0003-1672-6626
https://doi.org/10.3390/pathogens11121527
https://www.mdpi.com/journal/pathogens
https://www.mdpi.com/article/10.3390/pathogens11121527?type=check_update&version=2

Pathogens 2022, 11, 1527

2 0f 10

An improvement in OS has been described for HPV-positive cancers, as determined by
detecting HPV DNA or by analysis of subrogate marker, p16, expression by immunohisto-
chemistry (IHC) [6]. Recently, the RTOG-0234 group presented the results of a retrospective
analysis of clinical trials 0129 and 0522, where the utility of p16 as a predictive factor was
found, indicating that positivity to this biomarker not only predicts OS, but also recurrence-
free survival (RFS), thus promoting the value of p16 identification in patients with HNC [7].
Although the evidence indicates that p16 could be a good prognostic factor in HNC, its
potential utility, together with the presence of HPV, has yielded controversial results,
indicating that these markers should be further explored in different populations [8-10].

Moreover, several proteins are associated with improved survival in HNC. For in-
stance, the epidermal growth factor receptor (EGFR) is found to be overexpressed in head
and neck squamous cell carcinomas (HNSCC) [11], mostly in HPV-negative cases [12-14].
In the majority of these tumors, this receptor is overexpressed or harbors mutations [15],
representing a drug target that provides therapeutic opportunities for these patients [16].
However, the search for additional biomarkers for HNC is still underway:.

The prevalence of HPV in HNC in Mexico and biomarker application studies are
currently limited. In a retrospective case series of HNC of Mexican patients, the prevalence
of HPV ranged from 22.3 to 42%. Specifically, for the oral cavity, 17.2-18.75% has been
reported, while in oropharyngeal cancer, the prevalence ranges from 40.5-68.75%, and a
low proportion has been identified for the larynx, ranging between 6.25 to 18.2% [17-19].
However, the potential clinical application of the presence of HPV or the expression of
additional subrogate biomarkers, particularly for OPSCC, has been poorly explored in the
Mexican population, considering the possible increase in this neoplasm in the coming years.
Thus, we aimed to describe the prevalence of HPV, as well as the clinical features of OPSCC
patients in a national reference institution in Mexico, and to determine the potential utility
of HPV presence and p16 positivity as prognostic biomarkers in the Mexican population.

2. Materials and Methods
2.1. Clinical Specimens and Patient Characteristics

This retrospective study analyzed biopsies from OPSCC patients treated at the Na-
tional Cancer Institute of Mexico. We obtained data from patients who received treatment
between 2000 to 2017, and their respective clinical and sociodemographic characteristics
were collected. The study protocol was approved by the Ethics (CEI/998/15) and Scientific
(015/039/1BI) Institutional review boards and followed the guidelines of the Declaration
of Helsinki.

The present cohort study comprised 66 cases, selected for meeting the following
criteria: existence of formalin-fixed paraffin-embedded (FFPE) primary tumor material
prior to treatment with curative intent, histologically proven squamous cell carcinoma
(SCC) originated from the tonsillar portion, and different stages were included according
to the 7th TNM edition for oropharyngeal cancer (I, II, III, IV and IVa). Medical records
were used to collect demographic and clinical features. Cases treated for metastatic and
palliative treatment were excluded, as well as those lacking complete data.

2.2. Histological Evaluation

FFPE tumor blocks were obtained from the institutional pathology bank. Subsequently,
2 pm-thick tissue sections were obtained. To verify the diagnosis of SCC and demarcate the
malignant cells, evaluation of H&E tissue slides was performed by a pathologist specializing
in head and neck cancer

2.3. Immunohistochemistry

Tissue sections from 66 patients were used for the IHC staining, using the p16 mouse
monoclonal antibody (ROCHE®) (Roche Holding AG, Basel, Swiss). The Ventana Bench-
mark LT automated immunostainer (ROCHE®) was used following the standard protocol
for p16 [20]. Appropriate tissue staining controls were used routinely. A p16 IHC was
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considered positive if the tumor section had strong and diffuse nuclear and cytoplasmatic
staining in >70% of malignant cells [21]. EGFR IHC was performed with anti-EGFR anti-
body (Abcam®) (Abcam Biotechnology company, Cambridge, UK) using the Mouse/Rabbit
Polydetector DAB HRP Brown System (Bio SB®) (Bio SB, Inc., Goleta, CA, UEA), according
to the manufacturer’s instructions. The level of expression was assessed by an expert
pathologist, and data were categorized into high or low expression.

2.4. DNA Extraction and HPV Genotyping

Ten pum-thick tissue sections were obtained from the FFPE blocks and then employed
for DNA purification using the DNeasy Blood & Tissue Kit (QIAGEN®) (QIAGEN, Hilden,
Germany) according to manufacturer’s instructions. DNA samples were quantified in a full
spectrum Nanodrop™ spectrophotometer (ThermoScientific®) (Thermo Fisher Scientific,
Waltham, MA, UEA) and further utilized for HPV identification using the INNO-LiPA®
HPV Genotyping Extra II (Fujirebio®) (Fujirebio, Tokyo, Japan) assay. This test is based
on reverse hybridization after highly sensitive PCR amplification with SPF10 primers that
allow the detection of 32 HPV genotypes simultaneously [22]. For each test, internal routine
controls were used.

2.5. Statistical Analysis

Data were collected and descriptive statistics were used to summarize the demo-
graphic and clinical features. The OS and disease-free survival (DFS) estimations were
made using the Kaplan—-Meier method according to positiveness or protein levels. Addi-
tionally, the Log-Rank test was employed to make comparisons between tests. Hazard
Ratios (HR) were calculated for each group if statistical significance was achieved. p < 0.05
was considered as statistically significant. All statistical analyses were carried out using
SPSS® V.21 (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Population Description and HPV Prevalence

A total of 66 cases of OPSCC that met the inclusion criteria were included. The
demographic and pathological characteristics are described in Table 1. Most of the study
population were men (78.7%) with a median age of 60.67 years; 43.9% had only elementary
school education. Alcohol and tobacco consumption were present in 66.7% and 71.2% of
the patients, respectively. Advanced stages (IVA, IVB) represented 39.4% of the cohort.

Table 1. Population description.

Variable. n =66 (100%)
Age median (£SD)
Both sexes 60.67 * (£11.78)
Men 59.48 * (£11.20)
Women 65.07 ** (£13.25)
Sex
Men 52 (78.7%)
Education &
Iliterate 17 (25.8%)
Elementary school 29 (43.9%)
High school 11 (16.7%)
Superior school 7 (10.6%)
Undetermined 2 (3%)
Comorbidities
No 48 (72.7%)
Yes 14 (21.2%)

Undetermined 4 (6.1%)
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Table 1. Cont.

Variable. n =66 (100%)
History of alcoholism
Yes 44 (66.7%)
No 21 (31.8%)
Undeterminate 1 (1.5%)
History of smoking
Yes 47 (71.2%)
No 18 (27.3%)
Undetermined 1 (1.5%)
Clinical stage
I 3 (4.5%)
111 7 (10.6%)
IVA 17 (25.8%)
IVB 9 (13.6%)
Indeterminate 30 (45.5%)
Therapeutic regimen
Surgery 10 (15.2%)
Chemotherapy 4 (6.1%)
Chemo-radiotherapy 27 (40.9%)
Radiotherapy 6 (9.1%)
Undetermined 19 (28.8%)
Clinical response
Complete 23 (34.8%)
Partial 8 (12.1%)
Stable disease 5 (7.6%)
Progression 3 (4.5%)
Undetermined 5 (7.6%)
No data 22 (33.3%)
Recurrence n =23 (100%)
(Only complete response)
No 12 (52.18%)
Yes 11 (47.82%)
HPV n =66 (100%)
Positive 38 (57.6%)
Negative 26 (39.4%)
Undetermined 2 (3.0%)
plé6 n =66 (100%)
Positive 27 (40.9%)
Negative 38 (57.6%)
Indeterminate 1 (1.5%)
EGEFR (Intensity) n =29 (100%)
High 12 (41.4%)
Low 13 (44.8%)
Undetermined 4 (13.8%)

* Kolmogorov-Smirnov normality test; Global: p = 0.041; Men: p = 0.015; ** Shapiro-Wilk normality test: Women:
p = 0.816; & Elementary: 6-12 yo; High school: 12-18 yo; Superior school: 18 yo and on.

Chemoradiation was the most common therapy regimen (40.9% of cases), and 23 cases
(34.8%) presented complete clinical response, among which 11 cases presented disease
recurrence.

57.6% of the cases were positive for HPV, with HPV16 the most prevalent genotype in
28 cases (73.68%). In addition, the presence of other HPV types, including HPV 6, 11, 18,
53 and 59, were detected as coinfections with HPV16, and 3 cases were positive for both
HPV11 and 16. The median age of HPV-positive cases was 60.64 years, while HPV-negative
cases exhibited a median age of 60.67 years.



Pathogens 2022, 11, 1527

50f 10

3.2. Protein Expression and HPV Association

The expression patterns of p16 and EGFR proteins were evaluated by immunohisto-
chemistry. Each antibody was validated on positive tissues prior to evaluating OPSCC
cases. Protein levels were classified as positive or negative for p16 and high or low for
EGEFR, based on expression. A total of 27 cases were classified as p16 positive (40.9%), while
12 cases were EGFR high (41.4%).

In addition, association tests were performed to determine whether viral presence
influenced the expression of the analyzed proteins. We determined that there was no
statistically significant association between the presence of HPV and EGFR (data not
shown). However, the presence of HPV is significantly associated with p16 expression
(p = 0.008), as previously shown [23].

3.3. Association of Viral Presence, EGFR and p16 Levels with OS in Mexican Patients

We proceeded to analyze the impact of EGFR and p16 protein levels, as well as viral
presence, on OS. First, the OS time in the analyzed cohort was calculated, resulting in a
median of 8.31 months (95% CI: 2.38-14.24) (Figure 1A). Subsequently, the impact of the
presence of HPV on OS was determined, resulting in viral presence significantly associated
with an increase in OS (p = 0.008), where positive cases exhibit a median survival of
10.44 months (95% CI: 0.0-21.40), compared to HPV-negative cases with only 4.66 months
(95% CI: 0.0-9.91) (Figure 1B). Furthermore, when performing Cox regression analysis, viral
presence provides a 53% risk reduction for death with a HR (Hazard ratio) of 0.47 (95% CI:
0.26-0.83) (p = 0.010).

When analyzing OS with respect to p16 and EGER levels, both proteins were found
to have an impact on patient OS. High EGFR expression had a significant impact on OS
(p = 0.024), predicting an unfavorable outcome, with the high expression group showing a
median of only 4.66 months (95% CI: 0.0-10.68), while patients with low EGFR expression
had a median of 61.89 months (95% CI: 0.0-127.63) (Figure 1C). The estimated median
survival for pl6-negative patients was 4.66 months (95% CI: 0.0-9.75), while for those who
were positive for p16, it was 46.75 months (95% CI: 0.0-111.05). A statistically significant
difference was found (p < 0.0001) when performing the Cox proportional hazards analysis
for p16 levels, with a HR of 0.31 (95% CI: 0.26-0.83). In other words, there is a 69% reduction
in the risk of death with positive p16 staining (Figure 1D).

3.4. Viral Presence and p16 Positivity Are Associated with DFS in OPSCC Mexican Patients

A total of 23 cases had a complete response to treatment. Nevertheless, 11 of these cases
presented recurrence of the disease (47.82%) during the first 9 months after clinical response.
A median of 8.47 months for DFS was calculated for the population examined (Figure 2A).
To assess the usefulness of p16 and the presence of HPV as predictive biomarkers, their
association with DFS was tested.

The association between viral presence and DFS was analyzed, showing a median
of 6.01 months for HPV-negative cases (95% CI: 0.0-12.31). While positive HPV cases did
not reach the median, a fraction of 40% was free of disease after 60 months. A statistically
significant difference (* p = 0.002) was found for viral presence and DFS (Figure 2B). This
result strongly indicates that HPV positivity establishes a late appearance of recurrence.
Cox proportional hazards analysis indicated a statistically significant difference (p = 0.006),
obtaining a HR of 0.15 (95% CI: 0.03-0.57), which indicates that the presence of HPV reduces
the risk of recurrence by 85%. Furthermore, when analyzing the performance of p16 for
DFS, pl6-negative cases exhibited a median DFS of 9.13 months (95% CI: 2.28-15.98), while
positive cases did not reach a median; however, 60% of the patients were disease-free
after 60 months. Importantly, we found p16 levels were statistically associated with DFS
(p = 0.005), indicating that p16 positivity predicts late-onset recurrence (Figure 2C). Cox
proportional hazards analysis indicated a statistically significant difference (p = 0.012) with
a HR of 0.17 (95% CI: 0.04-0.68), showing that p16 positivity reduces the risk of recurrence
by 83%.
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Figure 1. Overall survival in OPSCC patients according to HPV, p16 and EGFR. (a) Overall survival
of the analyzed cohort. (b) HPV presence improves OS in OPSCC Mexican patients. (c¢) p16 impacts
OS in OPSCC patients. (d) High EGFR levels are associated with poor OS in OPSCC Mexican patients.
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Figure 2. Disease-free survival in OPSCC patients according to HPV and p16 positivity. (a) Disease-
free survival of the analyzed cohort. (b) HPV presence is associated with better DFS in OPSCC
Mexican patients. (c) p16 predicts improved DFS in OPSCC Mexican patients.

4. Discussion

In recent years, OPSCC has shown an increase in incidence, especially in young
men [5,24,25]. According to various reports, OPSCC has shown a greater increase than
cervical cancer in the United States [3,4,26,27]. Although, this scenario has not yet been
documented in Mexico, this possibility cannot be ruled out in the future because GLOBO-
CAN predictions estimate an increase of 100% in the coming years [28]. Thus, we aimed to
analyze OPSCC cases in a Mexican population, determining HPV and potential biomarkers
to support clinical management of patients and to improve therapeutic options with the
ultimate goal of increasing therapeutic success.

We found a high prevalence of HPV in OPSCC (57.6%); in particular, HPV16 was
detected in 73.68% of the positive cases. It has been stated that HPV-positive cases are
associated with better prognosis [6], but the role of HPV in this phenomenon remains
unclear. Although HPV positivity improves OS, its role in recurrence has only been
explored in a couple of studies. In addition, there are cases of OPSCC that do not present
an optimal response to treatment; therefore, we took on the task of exploring potential
predictive biomarkers that could be useful in clinical practice.
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In the present cohort, we found that men are the most affected by OPSCC (78.7%),
which is consistent with other reports that associate this phenomenon with alcohol and
tobacco consumption [5,29,30], a fact that was repeated in our cohort. Conversely, when an-
alyzing the age at diagnosis, it was found that our patients had a median age of 60.91 years,
including both HPV positive and HPV negative. Age over 60 is associated with HPV-
negative cases, while HPV-positive cases exhibit a younger age at presentation [5,31]. Our
results support the hypothesis that our population does not yet present the epidemiological
transition towards young individuals. However, according to epidemiological predictions,
an increase in the number of OPSCC cases is expected for our country, which could mean an
increase in HPV-positive cases in the young population. In this regard, a recent work by our
research group showed that young individuals exhibit a high prevalence of HPV infection
(about 50%) in the oral cavity and oropharynx, presenting constant reinfections [32]. This
fact may represent an important stimulus in cancer induction for future OPSCC cases.

One of the markers associated with the presence of HPV is the p16 protein, which
acts as a surrogate marker for the effects of the E7 viral oncoprotein on pRb [33]. In the
present work, p16 was found to be a potential prognostic and predictive biomarker, with
a protective factor similar to that reported by Sturgis EM et al. and Harari et al. [34,35],
although with lower median OS, probably because most of our cases were diagnosed in
advanced clinical stages (IVA and IVB).

One of the factors associated with lower OS is the presence of disease recurrence after
a successful treatment [36,37]. In our cohort, half of the patients with complete response
were found to develop recurrence at a median of 54.99 months. Notably, only two reports
have explored prognostic markers that help to predict recurrence events, thus our study
lays the groundwork for using p16 as a marker capable of predicting the delayed onset
of OPSCC recurrence in our population. To our knowledge, only Harari et al. (2014) and
recently Bigelow et al. (2022) have reported similar results in randomized clinical trials
(RTOG-0234) [7,35]. Particularly, these studies used combined therapy based on chemo-
radiotherapy (Cisplatin or Docetaxel) plus Cetuximab, and their results indicate that p16
positivity confers a longer DFS time [7,35]. In this study, we propose that p16 could function
as a recurrence marker, regardless of the treatment regimen. Although only one of the
patients in our cohort received anti-EGFR therapy, the finding that high EGFR levels are
associated with lower OS highlights the need to classify patients based on EGFR status,
as they might be candidates for anti-EGFR therapies, which represents an opportunity to
increase OS and DFS in patients with OPSCC in Mexico.

Our study presents some limitations regarding the number of cases included and the
late stages at diagnosis. Nonetheless, we present solid data regarding HPV prevalence in
the OPSCC Mexican population that could help to identify patients with better prognoses.
Future studies are required to postulate additional biomarkers to improve OS, DFS and
quality of life in Mexican patients.

5. Conclusions

We identified p16 expression as a biomarker for recurrence and OS in OPSCC Mexican
patients. These results pose p16 as a predictive biomarker when HPV detection is not possi-
ble. Moreover, it was verified that HPV positivity has an impact on the OS of patients with
OPSCC, whose pattern of protein expression could help in the improvement of therapies.
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ABSTRACT

The persistent infection with high-risk human papillomavirus (HPV) is an etiologic factor for the development of
different types of cancers, mainly attributed to the continuous expression of E6 and E7 HPV oncoproteins, which
regulate several cell signalling pathways including the Hippo pathway. It has been demonstrated that E6 proteins
promote the increase of the Hippo elements YAP, TAZ and TEAD, at protein level, as well as their transcriptional
targets. Also, E6 and E7 oncoproteins promote nuclear YAP localization and a decrease in YAP negative regu-
lators such as MST1, PTPN14 or SOCS6. Interestingly, Hippo signalling components modulate HPV activity, such
as TEAD1 and the transcriptional co-factor VGLL1, induce the activation of HPV early and late promoters, while
hyperactivation of YAP in specific cells facilitates virus infection by increasing putative HPV receptors and by
evading innate immunity. Additionally, alterations in Hippo signalling elements have been found in HPV-related
cancers and particularly, the involvement of HPV oncoproteins on the regulation of some of these Hippo com-
ponents has been also proposed, although the precise mechanisms remain unclear. The present review addresses
the recent findings describing the interplay between HPV and Hippo signalling in HPV-related cancers, a fact that
highlights the importance of developing more in-depth studies in this field to establish key therapeutic targets.

1. Introduction

aHPV group. It is estimated that HPVs are responsible of 5% of all
human cancers worldwide [5], including cervical cancer (CC) (up

Human papillomaviruses (HPVs) are non enveloped double-stranded
DNA viruses of about 60 nm in diameter that infect epithelial cells of the
skin and mucosa. HPVs belong to the Papillomaviridae family,
comprising more than 200 HPV types based on L1 viral gene sequence
identity. Accordingly, HPVs are classified into five genera: Alpha-, Beta-,
Gamma-, Mu- and Nu-papillomavirus (o, §, y, , and v) [1,2]. Alpha-
papillomavirus is the group containing more HPV types, which mainly
infects mucosal epithelia [3], followed in size by the p group associated
with cutaneous epithelia infections [4].

HPVs commonly cause benign lesions, although the persistent
infection with high-risk types (HR-HPV) is the main etiologic factor for
developing different types of cancer; commonly associated with the

t0>94%) [6], anal cancer (88%), vulvar (25%), vaginal (78%), penile
(50%), oropharyngeal (31%) and oral cancers (2.2%) [7,8]. Impor-
tantly, HPV16 is the most prevalent type in HPV-related cancers, fol-
lowed by HPV18, which constitute an important health issue in both
females and males [6,9,10].

Although a correlation between BHPVs and skin cancer remains
unclear, BHPVs have demonstrated to be the cause of a proportion of
cutaneous squamous cell carcinoma in immunocompromised in-
dividuals [11]. Unlike aHPV-related cancers, it appears that HPVs play
a role in cancer onset and are no longer necessary for tumour mainte-
nance [12].

Viral particles from the different HPV genus share the same genomic
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structure and organization, consisting of a double-stranded circular
genome of approximately 8000 base pairs (bp) with three genomic re-
gions. The early region (E) encodes for proteins required for the viral life
cycle (E1, E2, E4, E5, E6 and E7), although the E5 open reading frame
(ORF) is not present in HPV types [4]. The late region (L), encodes for
L1 and L2 capsid proteins; and the long control region (LCR), a non-
coding region containing the origin of replication and the early pro-
moter that regulates the expression of early genes [13,14]. Late genes
are expressed from promoters localized within the early coding regions
[15].

The early genes produce a variety of viral proteins necessary for
genome maintenance, the E1 protein is an ATP-dependent helicase
involved in viral DNA replication [16], along with E2 protein, which
also regulates viral transcription [17], controlling the expression of E6
and E7 genes. In transforming HPV types, E6 and E7 proteins exert an
oncogenic role due to their inactivating actions on several tumour
suppressors [18,19]. The continuous expression of E7 and E6 oncogenes
in aHPV-related cancers is mainly attributed to viral genomic integra-
tion into the host genome, which is considered as a key event in carci-
nogenesis, although it is not a requirement for cell transformation
[20,21]. The precise cause of this integration event remains unknown,
but it is speculated that genomic instability caused by a persistent HPV
infection, eventually could promote viral genome integration into the
host genome, where viral E2 gene is commonly disrupted, causing un-
controlled expression of E6 and E7, thus enhancing HPV oncogenic
potential [22]. In particular, the pHPVs do not integrate into the host
DNA, and its genome is lost once the cancer is established; therefore, its
transforming activity may occur in the early stages of carcinogenesis
[23].

Among different functions identified for E6 and E7 oncoproteins
from HR-HPV types, the most studied is the targeting of tumour sup-
pressor proteins p53 and pRb for proteasomal degradation, respectively,
thus avoiding apoptosis and promoting uncontrolled cell cycle pro-
gression [24,25]. Moreover, E6 and E7 oncoproteins regulate different
cell signalling pathways, which sustain proliferation and apoptosis in-
hibition, being also involved in immune evasion [26], all these events
contribute to tumorigenic transformation [27]. The effect of aHPV
oncoproteins on dysregulation of different signalling pathways has been
extensively studied; including Wnt/p-Catenin [28,29], PI3K/Akt
[30-331, and JAK/STAT [34] signalling pathways.

Recent findings have demonstrated that HPV E6 and E7 proteins can
regulate the Hippo signalling cascade towards cervical cancer [35-38],
as well as cutaneous squamous cell carcinoma [39]. The Hippo pathway
controls the expression of a variety of genes implicated in cell prolifer-
ation, differentiation and apoptosis as well as in development and
embryogenesis, and recent studies reveal a key role of this pathway in
carcinogenesis [40,41].

This review addresses the specific participation of « and fHPVs in the
dysregulation of the Hippo signalling pathway. Evidence of HPV regu-
lation by Hippo signalling is summarized, as well as the common
alteration of Hippo elements observed in HPV-related cancers.

2. Hippo signalling pathway

Numerous studies have found that the Hippo signalling pathway is
dysregulated in several types of cancers including bone sarcoma [42],
breast [43], colorectal [44], skin [45], cervical [46] and head and neck
cancer [47], among others. The main elements of Hippo signalling are
evolutionary conserved, initially described in Drosophila in 1995
[48,49], and further identified in mammalian cells [50]. Those elements
comprise a variety of upstream regulatory proteins, a core kinase
cascade and downstream transcription factors and co-regulators (Fig. 1).
Yes-associated protein (YAP) and Transcriptional coactivator with PDZ-
binding motif (TAZ) proteins are the main effectors in the Hippo sig-
nalling, whose stability depends on a plethora of intrinsic and extrinsic
stimuli. The Hippo kinases cascade initiates when Mammalian Ste-20
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like kinases 1/2 (MST1/2) are phosphorylated in Thr183 and Thr180,
respectively. Then activated MST1/2 phosphorylates Salvador 1 (SAV1)
and Mps one binder kinase activator-like 1 A/B (MOB1A/B), which are
scaffold proteins that assist MST1/2 in the phosphorylation of the Large
tumour suppressors 1/2 (LATS1/2) in the specific residues Thr1071 and
Thr1079, respectively. Soon after, phospho-LATS1/2 inactivates YAP
and TAZ (YAP/TAZ), through their phosphorylation in Serl127 and
Ser89 residues, respectively [51]. Such event generates consensus
binding sites for 14-3-3 proteins, which in turn induces YAP and TAZ
cytoplasmic retention [52,53]. Nonetheless, YAP and TAZ can be further
phosphorylated by Casein kinase 1 §/¢ (CK18/¢), which in consequence
leads to YAP and TAZ ubiquitination promoting their degradation in a
proteasome-dependent manner [54,55] (Fig. 1). Contrariwise, Protein
phosphatase 1 catalytic subunit alpha (PP-1A) dephosphorylates YAP in
Ser127 residue promoting its nuclear translocation and subsequent
transcriptional activation [56]. Additionally, the Protein tyrosine
phosphatase non-receptor type 14 (PTPN14) negatively regulates YAP
and promotes its cytoplasmic localization through different mechanisms
including direct interaction with YAP and dephosphorylation of in
Tyr357 residue [57]; complexing with YAP which in turn affects YAP-
mediated transcriptional activity, independently of the C-terminal
phosphatase domain of PTPN14 [58-60] and stabilizing LATS1 protein
in a PTPN14 C-terminus dependent manner, which could involve the
participation of KIBRA [61] (Fig. 1).

Furthermore, the inactivation of core kinases induces YAP/TAZ nu-
clear translocation, where they mainly interact with Transcriptional
enhancer factors TEF 1-4 (TEAD1-4) [62,63]. Then, TEAD1-4 is disso-
ciated from its transcriptional co-regulators Vestigial-like proteins 1-4
(VGLL1-4), inducing the expression of target genes such as CTGF, LATS2,
CYR61, WNT5A/B, EGFR, AREG, BMP4, DKK1, among others [64]
(Fig. 1). Also, YAP/TAZ can interact with other transcription factors
independently of TEAD, regulating cell survival or inducing apoptosis
[65-72].

Unlike other cellular signalling pathways, the Hippo pathway does
not have canonical receptors or ligands that trigger its activation;
instead, several mechanisms are proposed in the regulation of this
pathway, including physical cues [52,73], cell polarity and architecture
[74], stress signals [75] and cell cycle regulators [76], among others.
Moreover, several cellular signalling pathways cross-talk with the Hippo
pathway, including Notch [77], Hedgehog [78], and Wnt/p-Catenin
[79].

Particularly, in cell polarity and adhesion, apically localized proteins
form different scaffold complexes that lead to an increase in MST1/2
enzymatic activity, stimulating the Hippo signalling. Some of those
proteins are Kidney and brain expressed protein (KIBRA), FAT tumour
suppressor homolog 1 (FAT1) and Angiomotin (AMOT). Additionally,
PKC phosphorylates Ras association domain family proteinl isoform A
(RASSF1A) [80], which is a scaffold protein that interacts with MST1/2,
LATS1/2 and SAV1, promoting their activity [81]. Also, some members
of the basolateral polarity such as Discs-large (DLG) and Scribble
(SCRIB) serve as scaffold proteins that regulate the Hippo core kinases
activity, mediating the phosphorylation of YAP/TAZ [82]. Also, Integrin
f1 (ITGB1)-SRC signalling promotes nuclear YAP localization by
inhibiting LATS1/2 [83]. In adherent junctions, a-Catenin controls YAP
activity mediating its interaction with 14-3-3 [84]. Moreover, AMOT, in
association with other proteins, interact with YAP/TAZ, favouring their
cytoplasmic retention [82]. Suppressor of cytokine signalling 5/6
(SOCS5/6), induces YAP degradation through an ubiquitin ligase com-
plex; nevertheless, Epidermal growth factor receptor (EGFR) promotes
YAP stability through RAS, which down-regulates SOCS5/6 [85]
(Fig. 1).

Importantly, crosstalk between members of the p53 family of tran-
scriptional factors and the Hippo pathway has been described. The full-
length TAp63 and truncated ANp63 isoforms of p63, are reported to
differentially regulate the Hippo signalling pathway since TAp63 shows
tumour suppressor activities while ANp63 acts as an oncogene [86].
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Fig. 1. Hippo signalling pathway. The Hippo signalling pathway is composed by a core kinase cascade that negatively regulates the downstream co-regulators YAP/
TAZ through their phosphorylation; in the active state, YAP/TAZ bind to and activate transcriptional factors TEAD1-4 promoting the dissociation of negative co-
regulators VGLL facilitating the transcription of several target genes. This main axis is regulated by a plethora of proteins at different levels, involving a great
variety of mechanisms. Regulators such as KIBRA, FAT1, AMOT, PKC, RASSF1A, DLG, SCRIB, p53, p63 and LKB1 act directly promoting the activity of the core
kinases; while some others such as 1p-Integrin and SRC decrease the activation of core kinases. Other proteins act directly inactivating YAP or TAZ by stimulating
their cytoplasmic retention (14-3-3 family, PTPN14, AMOT and «a-Catenin) or by promoting their proteasomal degradation (CK18/e and SOCS5/6). Otherwise, the
activation of YAP/TAZ is mediated by proteins such as PP-1A, EGFR, RAS, p53 and ANp63. Interestingly, ANp63 transcript and protein are negatively regulated by

TAZ-TEAD and YAP, respectively. Meanwhile, p53 expression is positively regulated by YAP. Finally, YAP binds to p73 in DNA damage conditions promoting the
transcription of pro-apoptotic target genes.
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TAp63 regulates the expression of liver kinase B1 (LKB1), which in-
creases SCRIB levels leading to the activation of Hippo core kinases,
which in turn downregulate TAZ activity [87]. In contrast, ANp63 binds
to the YAP promoter increasing its expression [88] and also interact with
YAP protein inducing carcinogenesis [86]. However, TAZ-TEAD nega-
tively regulate ANp63 expression [89] while YAP induces ANp63 pro-
teasomal degradation [90]. Otherwise, p73 protein acts as a tumour
suppressor in DNA damage conditions by binding to YAP and promoting
the transcription of pro-apoptotic target genes [86,91]. Furthermore, in
response to cellular stress, Hippo cooperates with p53 leading to cellular
homeostasis. LATS2 is positively regulated by p53, while p53 is acti-
vated by LATS1/2, MST1/2 and RASSF1A in response to different
stimuli [86,92,93]. Interestingly, YAP and p53 exhibit controversial
activities over each other by switching between oncogenic and pro-
apoptotic outcomes. Overexpression of YAP interferes with one of the
LATS2-mediated mechanisms of p53 activation, through disruption of
Apoptosis-stimulating protein of p53-1 (ASPP1)-LATS2 complex which
promotes p53 proapoptotic activities under stress conditions [94]. Also,
it has been demonstrated that p53 promotes transcription of YAP-
negative regulator PTPN14 therefore, p53 deficiency promotes YAP
activation [95]. Concordantly, p53 augments 14-3-3¢ transcription
[96], involved in YAP cytoplasmic localization [97]. However, it has
been demonstrated that YAP binds to TP53 promoter, inducing its
expression after DNA damage conditions such as chemotherapy treat-
ment, while in turn p53 binds to the YAP promoter, upregulating its
expression [98].

In addition to the above regulation, it is important to mention that
Hippo signalling is influenced by a plethora of stimuli; however, this
review focuses on regulators that so far are believed to be involved in
HPV-related cancers.

3. Molecular interplay between Hippo components and HPV

To elucidate the participation of HPV in YAP dysregulation, raft
cultures of human foreskin keratinocytes (HFK) containing HPV16
genome were compared to HPV negative rafts; HPV positive cultures
exhibited YAP overexpression with a remarked positivity in the middle
and upper layers [35]. Additionally, an increase of nuclear YAP was
observed in starved normal immortalized human keratinocytes (NIKS)
harbouring HPV16 episomes compared to control NIKS [36], demon-
strating that HPV affects YAP levels and localization. Besides, the in-
crease of TEAD1 and TEAD4 proteins observed in HFK harbouring
HPV16 or 18 genomes [99], suggests a direct activation of YAP-TEAD
transcriptional complex in the presence of HPV. Furthermore, mRNA
and protein levels of MST1 are decreased in HPV positive CC cells
compared to those HPV negative cells; in contrast, using a model of
keratinocytes, MST1 levels did not significantly change in those cells
harbouring HPV18 genome compared to control cells, even when an
increase in YAP levels and activity was observed. Despite this, MST1/2
overexpression promoted a decrease in cell proliferation and colony
formation in HPV positive cell lines but not in HPV negative CC cells
(C33A) [100] and proliferation mediated by HPV16 in mice cervical
tissues was abolished when YAP was deleted [101], evidencing that
Hippo is involved in HPV-mediated proliferation.

3.1. Regulation of Hippo components by E6 and E7 proteins

3.1.1. Alpha HPV types

Normal cervical cell line (HCK1T) expressing HPV16 E6 and E7
(E616 and E716) proteins showed enhanced YAP activation compared to
HCKI1T non-transfected cells [101]. The specific effect of E6 on YAP
regulation was addressed in different works using NIKS and HFK kera-
tinocytes [99] as well as HT3 cervical cancer cells expressing E616 and
HeLa cells with HPV18 E6 (E618) knockdown. Results demonstrated
that E6 proteins from both HPV types promote an increase in YAP
protein levels, which at least in the case of E616, was due to a reduction
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of YAP proteasome-mediated degradation [35]. It was demonstrated
that YAP upregulation induced by E6 is only mediated at the protein
level since no effect was observed in YAP mRNA amounts [35]. Ac-
cording to these experiments, it was observed that cervical tissues from
transgenic mice expressing E616 or E616/E716 exhibited higher YAP
levels than tissues without oncoproteins expression. Furthermore, these
cervical tissues exhibited increased nuclear YAP, in comparison to cer-
vical tissues from control mice [35]. It was shown that E616 and E618,
through their PDZ binding motifs (PBM), interact with different proteins
that regulate YAP/TAZ localization, such as DLG1, SCRIB and AMOT
[102,103], and that HR-HPV E6 proteins promote the degradation of
some of these PDZ containing proteins [104]. Therefore, to evaluate
whether E6-mediated nuclear YAP localization depends on E6 PBM
motif, E616, E616 lacking its PBM motif or E616 harbouring the PBM
motif of E618 were transduced in starved NIKS cultures, where YAP
localization was evaluated. The obtained results demonstrated that nu-
clear YAP translocation is promoted by the PBM motif of E6 oncopro-
teins with a higher translocation effect produced by HPV18 PBM [36].
Additionally, it was observed that E716 also alters YAP protein locali-
zation in starved NIKS cells expressing the viral oncoprotein, where an
increase in YAP nuclear translocation was detected [36]. These results
are in agreement with the effect observed in cervical tissues of trans-
genic mice expressing E616/E716, where the observed YAP nuclear
localization [35] could be due to the action of both HPV oncoproteins.

Since YAP nuclear localization correlates with its transcriptional
activity, the expression of YAP target genes was evaluated in the pres-
ence of E6. Notably, it was found that the overexpression of E616 in HT3
cells increased AREG mRNA levels and consistently, when E618 was
knocked down in Hela cells, a reduction of AREG transcript levels
occurred. YAP/TAZ are commonly forming a DNA-binding complex
with TEAD factors, promoting transcription of their target genes [105];
interestingly, HPV has shown to be also involved in the increase of TAZ
and TEAD proteins. Expression of E6 or E6/E7 oncoproteins in HFK
promotes an increment of TEAD4 but not TEAD]1 levels, compared to
non-transfected cells [99]. Besides, the increase of TAZ, TEAD1 and
TEAD4 proteins has been demonstrated in a model of NIKS cells
expressing E616 [99], showing that transcription of Hippo target genes
is boosted by HPV at different levels. Additionally, ablation of YAP but
not TAZ in HCK1T cells expressing both E6 and E7 proteins, significantly
diminished E6/E7-mediated proliferation, while YAP/TAZ silencing
completely avoid the proliferative effect of HPV proteins [101]. Also,
treatment with YAP-TEAD inhibitor Verteporfin, decreased the size of
OSCC tumours expressing E6/E7 in mice models [106]; demonstrating
the participation of Hippo signalling in HPV mediated tumorigenesis.
Specifically, YAP silencing in E6-expressing HT3 cells avoids E6-
mediated proliferation, demonstrating a critical role of YAP in the pro-
liferative effect of E616 [35].

At the moment, the precise mechanisms by which the HPV onco-
proteins promotes YAP activation are not completely understood.
However, some studies provide information regarding this statement
and demonstrate that E6 and E7 decreased the levels of a plethora of
YAP/TAZ negative regulators or increase the positive ones. For instance,
ablation of E6/E7 mRNA in HeLa and CaSki cells increases MST1 mRNA
and protein levels which in turn decreased the levels of miR-18a, a
negative regulator of MST1 [100]. In particular, the separate presence of
E618 or E718 in C33A cells significantly downregulated MST1 mRNA
and slightly reduced MST1 protein [100]. SOCS6 protein binds to YAP
inducing its degradation via Cullin-RING-E3 ubiquitin ligase complexes
[85]; interestingly, a reduction of SOCS6 protein levels was observed in
HTS3 cells overexpressing E616, a statement that was confirmed in HeLa
cells after E618 silencing, where SOCS6 increase was evident [35]. It
was shown that YAP is a direct target of miR-550a-3-5p, which in turn is
downregulated by E616 but not E716 in OSCC cells. Restoration of miR-
550a-3-5p in HPV positive OSCC cells significantly decreased the levels
of YAP at mRNA and protein levels but did not affect TAZ levels [106].
Also, it was observed that CCL2 expression, a YAP-TEAD transcriptional
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target, was diminished when miR-550A-3-5p was overexpressed.
Concordantly, the overexpression of miR-550a-3-5p in HPV positive
OSCC cells-derived xenografts significantly correlated with low YAP and
CCL2 mRNA and protein levels [106]. Additionally, the overexpression
of HPV16 E6/E7 in HCKIT cells decreased PTPN14 protein amounts
[101]. It has been reported that E7 of different HPV types interact with
and promote the proteasome-mediated degradation of PTPN14, while
E7 of low-risk HPV11 did not [38,107]. The biological consequence of
PTPN14 degradation mediated by E7 has been evaluated in different
studies. It was shown that E718 and E716 promote the downregulation
of genes involved in keratinocyte differentiation in HaCaT [108], HFK
and N/TERT-1 cells, at least partially, through the degradation of
PTPN14 [109,110]. Furthermore, the E7-mediated decrease of PTPN14
has shown to be involved in cell survival after cell detachment in N/
TERT-1 and HFK immortalization [109], as well as the promotion of
cell proliferation, migration and colony formation in HaCaT keratino-
cytes [108]. Collectively, these observations evidenced that the trans-
forming activity of high-risk E7 proteins is related to the negative
regulation of PTPN14 protein. Since PTPN14 acts as a negative regulator
of YAP [57,61], the transforming effect of E7 could be partially due to
the increase in YAP activity. Also, overexpression of a PTPN14 mutant,
resistant to E7 degradation in HeLa cells, revealed a decrease of YAP
transcriptional activity and its target genes such as CTGF and CYR61
[108]. Contrary to these findings, experiments performed in N/TERT-1
cells demonstrated that the knockout of PTPN14, or the expression of E7
where PTPN14 is degraded, do not affect the levels of YAP targets CTGF
and CYR61 [109]; implying that the Hippo pathway regulation by
PTPN14 could depend on the cellular context.

Different studies also demonstrate the effect of E6 and E7 oncopro-
teins in the modulation of p53, p63 and p73 family of transcription
factors, closely related to the Hippo signalling regulation. It has been
demonstrated that E7 increases DEK protein which is involved in ANp63
upregulation. HeLa cells with E6/E7 knocked-down and primary human
keratinocytes overexpressing HPV16 E6, E7 or E6/E7 demonstrated that
DEK is increased by E7 [111]. In concordance, an increment of DEK was
observed in a transgenic HNSCC mice model overexpressing E716
compared to control tissues. It is important to notice that down-
regulation of DEK in HNSCC cells, promoted ANp63 decrease, which is
involved in DEK-mediated proliferation and growth promotion in
HNSCC tumours [112]. The ANp63 protein has been shown to promote
YAP transcription [88]. Furthermore, the E6/E7-dependent upregula-
tion of ANp63 has been evidenced through the interference of the E616/
E716 mRNA in a model of HPV positive HNSCC cells, coupled with the
overexpression of both oncoproteins in human keratinocytes [113].

Upregulation of ANp63 is also mediated by the HPV31 E7 onco-
protein through the downregulation of its negative regulator miR-203
[114]. Also, silencing of E7 but not E6 produces a significant reduc-
tion of ANp63 mRNA levels in CaSki cell line, surprisingly, a reduction
of miR-203 was also observed in this model [115], suggestive of
different mechanisms through which HPV oncoproteins promote ANp63
increment. It is proposed that ANp63 is more related to oncogenic ac-
tivities [116] which high expression has been demonstrated in different
types of cancer, in contrast to TAp63 isoform, which is commonly found
at low amounts in cancer [117]. Experiments performed in HFK cells
expressing E616 and E716 proteins exhibited overexpression of p63
which showed to drive cell invasion [118]. Besides, it was observed that
E7 from HPV6 and 11 low-risk types promote a slight increment of p63
protein in comparison to E7 from types 16 and 18, which exhibit a strong
effect on p63 induction [115]; however, the specific contribution of
ANp63 and TAp63 was not assessed in these experiments therefore,
results did not provide a complete scenario of E7 effect on each p63
isoform. On the other hand, experiments performed in HeLa cell line
demonstrated that E618 is responsible for TAp63 protein decrease; also
a decrease of TAp63 transcriptional targets, without altering ANp63
levels, was described in CaSki cell line which contains E6/E7 from
HPV16 [119]. Due to the different effects of ANp63 and TAp63 isoforms
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on YAP activity, the positive effect of E7 on ANp63 and the degradation
of TAp63 mediated by E6, suggest an important role of HPV in pro-
moting YAP oncogenic activity through the modulation of p63 isoforms.
Otherwise, in human keratinocytes, E7 from HPV16 increases the ac-
tivity of p73 promoter in a pRB dependent manner, implying that this
event is possibly through E2F1 which is negatively regulated by pRB.
This upregulation promotes the increased expression of full-length p73a,
p73p and p73y isoforms; although, evaluation of small p73 isoforms
needs to be performed. Moreover, HPV16 positive cervical SCC samples
compared to the normal epithelium, exhibited higher proportions of p73
and p73A2, which lacks exon 2 of p73. Since p73A2 can inhibit the
functions of p73, this evidence suggests a possible mechanism of p73
apoptotic functions inhibition in SCC [120]. Otherwise, E6 from HPV16
and 11 seem to interact with and inactivate p73 transcriptional activity,
although, this effect is not through p73 degradation [121]. These results
raise the idea that even when E7 could increase full-length p73, E6 in-
teracts with this factor, probably interfering with the p73-YAP complex
formation and blocking the transcription of pro-apoptotic genes in HPV-
related cancers. Several studies demonstrate that components of the
Hippo pathway mostly cooperate with wild-type p53 acting as tumour
suppressors, while mutant forms of p53 cooperate with the Hippo ef-
fectors YAP and TAZ to promote tumorigenesis [86,88,122,123].
Moreover, in some tumours containing wild-type p53, the function of
this factor drops due to variations in p53 regulators [124]; the latter may
occur in HPV-related cancers. YAP and p53 have been shown to have an
effect over each other and E6 promotes the increase of YAP protein but
also has a well-documented degradation effect on p53 protein that de-
pends on the E6 binding to the ubiquitin ligase E6-associated protein
(E6AP) [125,126]. Since YAP overexpression disrupts p53 activation
mediated by LATS2 and p53 deficiency promotes YAP activation [95] at
least by the decrease of PTPN14 and 14-3-3c expression, E6 activities on
YAP and p53 proteins could be an important way to drive carcinogenesis
through Hippo signalling dysregulation.

Taken together, all these evidence reinforces that E6 and E7
tumorigenic actions are partially mediated by Hippo components. The
specific effect of HPV proteins on the Hippo signalling regulation is
described in Fig. 2.

3.1.2. Beta HPV types

It has been shown that E6 proteins from fHPVs also dysregulate the
Hippo pathway [39]. First, it was demonstrated that E6 proteins from
BHPV8 and 5 bind to the cellular histone acetyltransferase p300 with
high affinity [127]. This interaction causes destabilization of p300,
which is a key regulator of gene expression, leading to a decrease in the
expression of genes involved in DNA damage repair (DDR) [127,128]
and to the prevention of the stabilization of p53 [129]. Interestingly, by
analysing RNAseq data from cancer cell lines, Dacus et al. (2019) [39]
found that in cell contexts with reduced p300 expression, similar to what
happens in cells with pHPV E6 expression, canonical Hippo pathway
genes were up-regulated, particularly TEAD-responsive genes. Those
results were validated in HFK cells expressing pHPV8 E6, where p300
was significantly decreased while TEAD-responsive genes were upre-
gulated, including CTGF, which correlated with an increase in cell
proliferation. The dependence of p300 was proved through an E6
mutant disabled to bind p300, which did not show those effects. Even
when nuclear YAP did not increase in this BHPV8 E6 expressing cell line,
the upregulation of TEAD target genes was evident, suggesting that
other Hippo pathway elements could be involved. Otherwise, during
aberrant cytokinesis, LATS is activated through phosphorylation, pro-
moting p53 accumulation [130], which in turn inhibits the proliferative
activity of YAP/TAZ, inducing apoptosis [131]. It was demonstrated that
during abnormal cytokinesis LATS phosphorylation is attenuated by
BHPV E6 proteins, preventing p53 stabilization, provoking aneuploidy
and that this effect is due in part to the interaction of E6 proteins with
p300 [39]. Nevertheless, other study showed that E6/E7 from pHPV38
promote the accumulation of p53, enhancing the transcription of ANp73
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Fig. 2. Modulation of Hippo signalling components by HPV proteins. The specific mechanisms mediated by E6 and E7 oncoproteins from aHPVs, as well as
oncoproteins from pHPVs, are described. E6 proteins from aHPV (aE6) affect the activation and nuclear translocation of YAP protein by different mechanisms such as
downregulation of MST1, TAp63, miR-550a-3-5p, SOCS6, DLG1, SCRIB and p53; interaction with AMOT and p73 and increase of TAZ, TEAD1 and TEAD4 proteins.
Otherwise, E6 from fHPV (BE6) destabilize p300, promoting upregulation of TEAD-responsive genes, as well as a decrease in transcription of DNA damage repair
(DDR) genes, and consequently prevent p53 stabilization. Besides, BE6 attenuate LATS phosphorylation/activation in aberrant cytokinesis, avoiding p53 accumu-
lation and promoting YAP/TAZ activity. Also, E6/E7 from SHPV (BE6/E7) promote the accumulation of p53 which in turn increases ANp73 transcription. Besides, E7
proteins from aHPV («E7) decrease pRB promoting TP73 transcription via E2F1; decrease MST1 mRNA and protein levels; promote PTPN14 degradation; increase
DEK protein, which in turn upregulates ANp63; and decrease the levels of miR-203, negative regulator ANp63.

isoform, which in turn blocks p53-apoptotic activity [132]. Moreover,
experiments performed in p53 knockout mice expressing HPV38 E6/E7
demonstrated that p53 null mice did not express ANp73. Interestingly, it
was found that E6/E7 transgenic mice evaded the cell cycle arrest
mediated by UV radiation in the epidermis, in contrast, in p53 null mice
expressing E6/E7 also treated with UV radiation, cell proliferation was
decreased [133]. The contrasting effects on p53 could be related to
differences between HPV types and/or synergic effects of the E6 and E7
oncoproteins (Fig. 2).

Table 1 summarizes the results of interactions, mRNA and protein
expression of different elements of the Hippo pathway affected by HPV.

3.2. Regulation of HPV by Hippo components

From another perspective, it has been demonstrated that components
of the Hippo signalling pathway can regulate HPV gene expression.
Plasmid reporter assays performed in HaCaT, HeLa and SiHa cervical
cell lines, demonstrated that TEAD1 activates gene transcription of the
HPV16 p97 promoter [149]. Furthermore, it was shown that a non-
identified transcriptional cofactor was also necessary for TEAD1 activ-
ity [150] and that such co-activator mediated, at least partially, the
expression of HPV16 early genes [149]. Interestingly, it was also
observed that the co-activator was a cell-specific and limiting factor for
TEADI1 activity, since low concentrations of TEAD1 (that can bind to
limiting cofactor amounts) stimulated HPV transcriptional activity,
while high TEAD1 concentrations repressed gene expression [149,150],
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Table 1
Hippo members affected by HPV.
HPV element Hippo element Effect Reference
HPV genome MST1 (STK4) protein | [134,135]
mRNA |
EGFR mRNA 1 [134]
protein 1
14-3-3 (YWHAB) mRNA | [134]
protein |
1p-Integrin (ITGB1) mRNA | [134]
protein |
p63 (TP63) mRNA 1 [134]
protein 1
PTPN14 mRNA | [135]
BMP4 mRNA | [135]
E6/E7 MST2 (STK3) mRNA 1 [136]
E6 SCRIB Interaction [137,138]
DLG1 Interaction [138]
LATS1 mRNA 1 [139]
LATS2 Interaction [138]
FAT4 mRNA 1 [139]
CYR61 mRNA | [140]
14-3-3 (YWHAB) Interaction [138]
14-3-3 (YWHAQ) mRNA | [140]
DKK1 mRNA 1 [141]
SAV1 mRNA 1 [136]
TEAD4 Interaction [138,142]
TEAD2 Interaction [138,142]
YAP Interaction [138]
KIBRA (WWC1) Interaction [138]
TAOK1 Interaction [138]
TAOK3 Interaction [138]
LKB1 (STK11) Interaction [138]
p63 (TP63) Interaction [138]
E6* CCL2 mRNA 1 [139]
E7 PTPN14 Interaction [138,143,144]
YAP Interaction [138,143,144]
PP-1A (PPP1CA) Interaction [138]
TEAD4 Interaction [138,142]
LKB1 (STK11) Interaction [138]
TAOK1 Interaction [138]
TAOK3 Interaction [138]
El AMOT mRNA | [145]
CCL2 mRNA | [145]
FAT1 mRNA 1 [145]
DKK1 mRNA 1 [145]
CTGF mRNA 1 [145]
AREG mRNA 1 [145]
CYR61 mRNA 1 [145]
EGFR mRNA 1 [145]
DLG1 Interaction [138]
E2 14-3-3 Interaction [144]
TAZ mRNA | [146]
MST1 (STK4) mRNA | [146]
MST2 (STK3) mRNA | [147]
Wnt5a mRNA | [147]
AREG Interaction [138,148]
E5 EGFR Interaction [138]
TAOK1 Interaction [138]
TAOK3 Interaction [138]
1p-Integrin (ITGB1) Interaction [138]
L2 MST2 (STK3) Interaction [138]
LKB1 (STK11) Interaction [138]
TAOK1 Interaction [138]
TAOK3 Interaction [138]

|: downregulation; 1: upregulation.

probably because binding of TEAD1 to its DNA motifs in the absence of
such co-activator interferes with the binding of the transcriptional active
complex (TEAD1-cofactor). Recent experiments confirmed these find-
ings and postulate VGLL1 transcriptional cofactor as the possible
limiting actor previously described [151]. In this regard, silencing of
TEAD1, but not TEAD4, promoted an evident reduction of HPV16 early
and late promoters activation in undifferentiated W12 keratinocytes and
CaSki cells. In contrast, silencing of either TEAD 1 or TEAD4 in HeLa
cells, produced a reduction of HPV early promoter activity [151].

Cellular Signalling 76 (2020) 109815

Otherwise, it was shown that TEAD1 binds to diverse sites on HPV16, 18
and 31 LCR-enhancers [149,151,152]. Several of these sites regulate
early promoter activity at least in HPV16 and showed to bind to tran-
scriptional cofactor VGLL1 in a TEAD1-dependent manner. Interest-
ingly, the knockdown of VGLL1 highly reduced HPV early and late
promoter activities as well as cell growth; demonstrating that VGLL1
and TEAD are strongly involved in HPV transcription (Fig. 3A). Other-
wise, silencing of YAP and TAZ transcriptional cofactors showed to
decrease the transcriptional activity of HPV16 early promoter, although
to a lesser extent than VGLL1, while neither VGLL3 nor VGLL4 had any
effect [151].

An interesting hypothesis postulated by Wang and Davis (2019)
raises that hyperactivation of YAP facilitates HPV infection, which in
turn promotes CC development [153]. Supporting this premise, in a
mice model without HPV infection, it was demonstrated that inducible
expression of activated YAPS!?2 during two months in cervical
epithelium promoted hyperplasia, and after 6-8 months invasive CC was
developed [37]. Furthermore, to observe if activated YAP and E6/E7
oncoproteins possessed a synergic effect in CC development, mice
models expressing YAPS'?7A and E6 or E7 were analyzed. CC was rarely
developed in mice expressing E6 or E7; however, when YAPS'1%7A was
coexpressed, mice developed invasive CC in four months, less than the
time necessary to develop cancer in YAPS'?72 expressing mice [37]; so
even when YAP seems to have a central role in CC, the importance of
HPV oncoproteins is still evident.

HPVs infect the basal layer of stratified squamous epithelia through
microlesions; later, mitotically active cells begin differentiation pro-
grams that allow HPV to complete its viral cycle from the basal to the
upper layers [154,155]. It is known that tissue damage promotes a
strong increment of YAP levels leading to proliferation and wound
healing [156]. In concordance with this evidence, when a wound was
made in a confluent culture of human cervical epithelial cells (hCerEC),
wound boundaries exhibited nuclear localization of YAP, comparing to
those cells far away from the wound, which showed a more homogenous
YAP localization in the nucleus and cytoplasm. Interestingly, these
wound-boundary cells with nuclear YAP expression were more suscep-
tible to HPV16 pseudovirions (PV) infection, as well as cells over-
expressing YAP or YAPS'?7A. Accordingly, the ablation of YAP
decreased the capacity of PV to infect [37], demonstrating a role of YAP
activation during HPV infection. A plausible mechanism by which cells
with activated YAP are more susceptible to HPV infection could be
explained by the observed overexpression of putative HPV receptors
[1571, such as Syndecan-1 (SDC1), integrin-a6 (ITGA6) and EGFR in
YAP-activated cells at mRNA level, and YAP'?7A in mice tissues at the
protein level. Importantly, the silencing of ITGA6 in YAP overexpressing
cells drastically decreased PV infection [37], demonstrating that over-
expression of these receptors mediated by YAP favours PV infection
(Fig. 3B). Moreover, it is known that in squamous epithelia YAP/TAZ are
localized in the nucleus of basal layer cells while in the middle and upper
layers YAP/TAZ are localized in the cytoplasm [156]. This fact could
explain the idea that HPVs infect basal layer through microlesions, in
those sites where YAP is hyperactivated.

Furthermore, to establish an HPV persistent infection, the virus first
needs to escape from the innate immune system [158]. Some experi-
ments strongly suggest that hyperactivation of YAP interferes with
innate immunity by decreasing mRNA expression of signalling mole-
cules involved in HPV recognition, such as Toll-like receptors (TLR2, 4),
myeloid differentiation primary response gene 88 (MYD88) and TIR-
domain-containing adaptor-inducing interferon-f (TRIF) [159]. Also,
YAP hyperactivation seems to decrease the levels and/or nuclear
localization of different immune-related factors, such as interferon
regulatory factors (IRF) and the nuclear factor-xB (NF-kB) [37] (Fig. 3B),
both involved in the transcription of different cytokines that counteract
viral infection [160]. Released cytokines, mainly interferons, act on
adjacent cells through activation of their receptors and the JAK/STAT
signalling to promote transcription of genes that block viral infection
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Fig. 3. Regulation of HPV by Hippo members. A) TEAD transcriptional factors associate with VGLL1 leading to their binding to several sites within the HPV LCR-
enhancer, which in turn activate HPV early and late promoters; B) Hyperactivation of YAP facilitates HPV infection through overexpression of cellular HPV-entry
receptors such as SDC1, ITGA6 and EGFR. The activation of YAP also interferes with innate immunity by decreasing the expression of signalling molecules

involved in HPV elimination.

[161]. YAP overexpressing cells exhibit a decrease in mRNA and protein
levels of elements involved in JAK/STAT signalling and its transcrip-
tional targets [37]. Moreover, in this mice model with hyperactivated
YAP, this protein is overexpressed throughout the entire cervical
epithelium, an effect that is observed exclusively in cervical cancer
samples, since CIN lesions exhibit YAP overexpression only in the lower
third of the epithelium [162] and in normal cervical epithelia, just at the
basal layer [156]. Once the virus infects the basal layer due to the in-
crease of YAP-enhanced virus receptors, suppression of the innate im-
mune system occurred and viral persistence is promoted. These findings
suggest an important interplay between HPV and Hippo pathway.

4. The Hippo signalling pathway in HPV-related cancers

Alterations in localization, activity or levels of key proteins acting as
regulators of cellular homeostasis can promote cancer progression
through the modulation of different signalling pathways [163]. In HPV-
related cancers, it has been demonstrated that HPV promotes the dys-
regulation of different genes either by HPV-genome insertion into the

cellular genome [22] or by direct activity of HPV proteins [29], which in
consequence modulate several signalling pathways.

Particularly, it has been described an interplay between HPV and
Hippo signalling, supporting that HPV proteins regulate Hippo compo-
nents [35,36] and that YAP possesses an effect on HPV infection [37].
Herein, we deeply describe data demonstrating an association of HPV
with Hippo pathway modulation in HPV-related cancers; additionally,
due to the involvement of HPV in the development of an important
percentage of different types of cancer [7,8,164-169], we resume in
Fig. 4 a wide picture of Hippo components commonly dysregulated in
head and neck [106,112,170-172], cervical [35,37,46,83,173-182],
penile [183], vulvar [184] and colorectal cancers [185,186]. Although
some of these works have not shown a direct association between dys-
regulated Hippo elements and HPV, the high prevalence of the virus in
these cancer types makes possible the interaction of HPV with pro-
tagonists of the Hippo pathway, a fact that deserves to be studied.
Likewise, at the moment, there is no information about dysregulation of
Hippo signalling in anal, vulvar and vaginal carcinomas, also highly
associated with HPV.
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Fig. 4. Hippo signalling components dysregulated in HPV-related cancers. Commonly dysregulated elements of Hippo signalling pathway in head and neck, penile,
cervical and colorectal HPV-related cancers are depicted. The Hippo members are grouped in upregulated, downregulated and those controversial.

4.1. Alteration of Hippo components in cervical cancer

HPV infection is the main risk factor for the development of cervical
cancer [187], the fourth cause of women deaths by cancer worldwide
[188]. The alteration of cellular signalling pathways during CC devel-
opment has been described [189], and the relation of such alterations
with HR-HPV has also been observed [178].

It is commonly accepted that HR-HPV DNA is found in almost all
cervical cancer samples [187], and modulation of the Hippo signalling
components along CC development is detected. Inmunohistochemistry
(IHC) analysis performed in different studies with samples including
cervicitis, cervical intraepithelial neoplasias grades 1, 2 and 3 (CIN1, 2
and 3), as well as early and advanced cancer stages, demonstrated that
the levels of YAP increase as cancer progresses, where the highest levels
and nuclear localization are found in advanced cancer stages
[37,101,162]. It is important to notice that at least an 84.2% of CIN I, III
and SCC samples contain HR-HPV sequences while in cervicitis and CIN I
samples HPV positivity is heterogeneous varying between negative, LR-
and HR-HPV positive samples. CIN1 showed YAP expression in the basal
layer or the lower third of the epithelium; while in CIN2/3, this protein
is mainly expressed in the middle or upper layers [162]. Otherwise,
MST1 protein levels showed a reduction during CIN progression, being
higher in HPV negative normal samples when compared to HPV16
positive CIN1-3 samples; MST1 mRNA levels were also higher in normal
epithelia and CIN1 compared to CIN2/3. Furthermore, the levels of the
negative regulator of MST1, miR-18a, were found negatively correlated
with MST1 and positively correlated with cervical disease progression
[100]. Moreover, the methylation status of RASSF1A promoter, a Hippo
regulator which inhibits YAP activity [190], was evaluated in a meta-
analysis including data from 26 publications comprising 1820 CC, 507
CIN and 894 non-malignant samples, cytology or blood. The results
showed that RASSF1A promoter methylation is elevated in CC compared
to CIN and control samples [175], suggesting that its expression is
downregulated, impacting in YAP activity.

Nowadays there is evidence suggesting that not all CC cases harbour
HPV genomic sequences [191]; thus, it would be interesting to analyse
Hippo modulation considering HPV status. Higher levels of total and
phospho-YAP were found in HPV positive cell lines SiHa (HPV16+),
CaSki (HPV16+), SW756 (HPV18+) and HeLa (HPV18+) compared to
normal primary human keratinocytes (NHK) and HPV negative C33A
cervical cancer cells [100], evidencing that HPV may be involved in YAP
increase. Also, a study performed on cervicitis, CIN1/2/3 and squamous
cell carcinoma (SCC) samples where HPV and YAP status were tested,
demonstrated a correlation between YAP expression and HPV positivity
[162]. In this study 80% of HPV-/YAP- cases corresponded to cervicitis
or CIN1; 76.2% of HPV+/YAP- were CIN1/2; while 77.4% of HPV+/
YAP+ were CIN2/3 or SCC, indicating an association of HPV and YAP
with high-grade CIN or cancer. Furthermore, MST1 protein and mRNA,
as well as phospho-MOB1 protein levels were lower in the HPV positive
cell lines HeLa and CaSki compared to C33A and NHK, while miR-18a
was upregulated, correlating with the pattern observed in HPV16 posi-
tive cervical lesions [100]. Interestingly, it has been demonstrated that
miR-18a is a negative regulator of MST1 mRNA in HeLa and CaSki HPV
positive cell lines but not in C33A, and that this miRNA acts as a pro-
moter of cellular proliferation only in HPV positive cells [100]. More-
over, a decrease in Hippo kinases activity in HPV positive cells could also
be mediated by the observed methylation of the RASSF1A promoter in
these samples [175]. Together, these data suggest that HPV promotes
the activation of YAP in CC through different mechanisms.

In addition, many genetic alterations in Hippo signalling components
such as YAP and TAZ amplifications, LATS1/2, MST1 and FATs muta-
tions or deletions have been commonly observed in CC
[35,37,178-181]. Besides, gene and protein expression profiles
demonstrated that CC samples often exhibit an upregulation in compo-
nents such YAP, TAZ, TEAD], 2, 3 or 4 [35], as well as low expression of
LATS1/2 [181]. Even when these data have not been related to the
presence of HPV, it seems important to notice the relevance of Hippo
alterations in CC.
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4.2. Deregulation of Hippo pathway by HPV in head and neck carcinoma

Among the different neoplasms induced by HPV, the group of head
and neck cancer (HNC) has gained attention in the past few decades
mostly due to the alarming increase in incidence and mortality [192].
Moreover, HNC patients are characterized by a poor prognosis and
quality of life [193]. Almost 90% of HNC is originated from the mucosa
covering the superior aerodigestive tract, thus head and neck squamous
cell carcinoma (HNSCC) is the most prevalent histological type.

HNC is highly associated to alcohol and tobacco consumption;
nevertheless, HPV infection has been recognized as an important etio-
logical factor for HNSCC development with an increasing incidence over
the past years mainly in young males [7,194].

The relevance of HPV in HNSCC relies on the clinical outcome
exhibited by HPV positive cases, with increased OS and better response
to treatment. Different experimental approaches revealed the partici-
pation of the Hippo signalling pathway either in the establishment and
in the clinical outcome of HNSCC [195]; molecular aspects involved in
metastatic or recurrent disease dependent on this pathway have been
unveiled [196]. Since Hippo regulators and effectors are affected by
HPV proteins, the alteration of the different Hippo players in HPV pos-
itive HNSCC might be influencing the clinical outcome.

Through the analysis of genomic data, Eun, et al., (2017) identified
YAP amplification, which was categorized as an activation, in cohorts of
HNSCC patients from different geographic regions, finding that such
amplification of YAP is associated to the presence of HPV [170]. Addi-
tionally, YAP has been found in the nucleus of tumoral cells of HPV
positive oropharyngeal cancers as demonstrated by a study that
included in vitro analyses and clinical samples [197]. The authors found
that YAP was mainly nuclear in cells with a delocalized SCRIB pheno-
type, a classical target of degradation of the HPV E6 oncoprotein [198].
Remarkably, direct regulation of YAP has been observed in oral squa-
mous cell carcinoma (OSCC) through miR-550a-3-5p, wherein HPV
positive OSCC samples exhibited downregulated levels of this miRNA
whereas YAP was upregulated, compared to HPV negative OSCC. Also,
the low expression of miR-550a-3-5p was associated with higher tumour
size and the presence of metastasis [106].

On the other hand, even when several reports have evidenced the
participation of YAP in laryngeal cancer, the relation with HPV is not
clear, and the cases with active YAP are usually HPV negative, whilst
those with inactive YAP are often HPV positive [170], thus the partici-
pation of HPV in the regulation of the Hippo signalling pathway in
laryngeal carcinoma remains to be clarified.

Moreover, EGFR levels are significantly higher in HPV infected cases
of laryngeal carcinoma [199] and a relationship between Hippo, EGRF
and the HPV E6 oncoprotein has been demonstrated in cervical carci-
noma [35]. Thus is it likely that the HPV proteins are affecting the Hippo
pathway since several components result in activation of YAP. Hence,
the understanding of the participation of HPV proteins in the Hippo
pathway may be useful when designing and testing new drugs for HNC.

5. Concluding remarks

The Hippo pathway has recently been shown to be actively involved
in the establishment, development and maintenance of HPV-related
cancers. The effect of the E6 and E7 oncoproteins on the dysregulation
of the Hippo elements has been identified so far, mainly related to the
activation of YAP, TAZ and TEAD. However, the participation of HPV
proteins other than E6 and E7 oncoproteins is not discarded, which
deserves further studies. Importantly, the Hippo pathway has been
described to promote both HPV infection and viral protein expression.
Additionally, the Hippo pathway decreases the expression of various
components of the innate immunity, favouring the establishment of an
HPV infection. Hence, due to the importance of the Hippo pathway in
HPV-related cancers, it becomes necessary to develop prophylactic and
therapeutic strategies against key elements of this pathway, aimed at
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improving the clinical outcome of patients.
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Abstract: The Wnt/ 3-catenin signaling pathway regulates cell proliferation and differentiation and
its aberrant activation in cervical cancer has been described. Persistent infection with high risk human
papillomavirus (HR-HPV) is the most important factor for the development of this neoplasia, since E6
and E7 viral oncoproteins alter cellular processes, promoting cervical cancer development. A role of
HPV-16 E6 in Wnt/ 3-catenin signaling has been proposed, although the participation of HPV-18
E6 has not been previously studied. The aim of this work was to investigate the participation of
HPV-18 E6 and E6*, in the regulation of the Wnt/3-catenin signaling pathway. Here, we show that
E6 proteins up-regulate TCF-4 transcriptional activity and promote overexpression of Wnt target
genes. In addition, it was demonstrated that E6 and E6*I bind to the TCF-4 (T cell factor 4) and
[-catenin, impacting TCF-4 stabilization. We found that both E6 and E6*I proteins interact with
the promoter of Sp5, in vitro and in vivo. Moreover, although differences in TCF-4 transcriptional
activation were found among E6 intratype variants, no changes were observed in the levels of
regulated genes. Furthermore, our data support that E6 proteins cooperate with 3-catenin to promote
cell proliferation.

Keywords: HPV-18 E6; HPV-18 E6*I; TCF-4 transcription factor; Wnt/ 3-catenin signaling

1. Introduction

The Wnt signaling pathway regulates a variety of processes, including cell proliferation and
differentiation [1]. Briefly, in the off-state of the canonical pathway, the effector protein, 3-catenin,
is associated to a multiprotein complex that promotes its phosphorylation in specific residues in
a GSK3p (Glycogen synthase kinase 33) and CK1 (Casein kinase 1) kinase-dependent fashion.
Those residues are recognized by the ubiquitin-ligase 3-TrCP, allowing (-catenin ubiquitylation
and subsequent degradation via the proteasome, whilst in the nucleus, the co-repressor, Groucho/TLE
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(Transducin-like enhancer), suppresses transcriptional activation through the inhibition of TCF/LEF
(Lymphoid enhancer binding factor) transcriptional factors. In the on-state, the Wnt ligands bind to
the Frizzled receptor and the LRP 5/6 co-receptor, which dimerize, leading to disassembly of the
destruction complex. Subsequently, 3-catenin is released in the cytoplasm and translocated into the
nucleus, where it binds to TCF/LEF and replaces the repressor protein, Groucho/TLE [2]. This event
induces TCF/LEF transcriptional activation and expression of genes, such as Axin2, Jun, Myc, Ccndl,
and Sp5 (Specificity protein transcription factor 5) [3]. It has been demonstrated that alterations in the
Wnt cell signaling pathway contribute to the development of several types of cancer [4], including
colorectal [5], hepatocarcinoma [6], breast [7], and HPV-related cancers [8-10].

The persistent infection with high risk human papillomavirus (HR-HPV) is the main risk factor
associated to cervical cancer development [11]. HPV-16 and HPV-18 are the most prevalent types,
found in almost 70% of cervical cancer cases worldwide [12]. HR-HPV transformation capacity is
mainly due to the overexpression of the E6 and E7 viral oncoproteins, which interact with many cellular
proteins, thus affecting their functions [13]. E6 is implicated in the modulation of several cell signaling
pathways involved in cell adhesion, proliferation, and apoptosis, such as RAF (Rapidly accelerated
fibrosarcoma)/MEK (MAPK/ERK kinase)/ERK (Extracellular signal-regulated kinase) and PI3K
(Phosphoinositide 3 kinase), among others [14].

The E6-E7 open reading frames (ORFs) contain spliced donor and acceptor sites, highly conserved
among the HR-HPV. Those sites are recognized by the spliceosome complex, promoting the removal of
a small intron and the generation of a premature stop codon, giving place to short forms of E6,
termed E6*. In HPV-16, at least four isoforms of E6* (I-IV) have been identified, whereas in HPV-18,
only one has been reported hitherto, termed E6*I [15]. Although these E6 small isoforms are highly
expressed in premalignant lesions and cervical cancer biopsies [16,17], their functions are poorly
understood [18].

The abnormal activation of the Wnt cell signaling pathway has been reported in HPV-related
tumors [8,19,20]. In cervical tumor biopsies and HPV positive cell lines, 3-catenin is mainly located in
the cytoplasm and nucleus, while in normal tissue, it is mainly distributed at the cell membrane [9,20].
In vitro assays have demonstrated that HPV-16 E6 induces TCF-4 transcriptional activation, whereas
-catenin is not stabilized. Moreover, E6AP ubiquitin ligase contributes to the increase in the TCF
transcriptional activation mediated by E6, in a proteasome-dependent manner, without affecting
B-catenin levels [21,22].

No interactions of HPV-18 E6 protein with members of the Wnt activation complex (TCF-4,
-catenin) have been identified so far, and the mechanisms by which E6 induces TCF transcriptional
activation are poorly understood. Moreover, the effect of E6* proteins in this pathway remains
unknown. Therefore, the aim of this study was to investigate the role of HPV-18 E6 and E6*I proteins
in the Wnt/3-catenin signaling regulation. Through a TCF-4-dependent luciferase reporter plasmid,
we show that E6 and E6*I up-regulate TCF-4 transcriptional activity, which is enhanced with the
expression of exogenous p-catenin. Moreover, Wnt target genes are overexpressed in E6 and E6*]
transfected cells. We also found that E6 and E6*I increase (3-catenin and TCF-4 protein levels, but they
do not alter their subcellular distribution. Immunoprecipitation and pull-down assays revealed an
interaction of TCF-4 and 3-catenin with E6 and E6*I proteins and those interactions impact in TCF-4
stabilization. We found that E6 and E6*I interact with the Sp5 gene promoter, in vivo and in vitro.
Furthermore, proliferation induced by 3-catenin is enhanced by E6 and E6*I proteins. Finally, although
E6 intratype variants differentially affected TCF-4 transcriptional activation, no differences appeared
in their ability to bind TCF-4 or (3-catenin.
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2. Results

2.1. HPV-18 E6 and E6*I Proteins Enhance B-Catenin/TCF-4 Transcription

C33A cells were transiently transfected with a TCF-4-dependent luciferase reporter plasmid
(TOPFLASH) and FLAG-tagged versions of 18E6WT, 18E65M, 18E6*1, or 16E6 expressing plasmids.
All experiments were performed co-transfecting the empty vector (p3X) or the 3-catenin expressing
plasmid, as indicated. After 48 h of transfection, immunoblot assays were performed for each
experiment, confirming the expression of FLAG-tagged E6 proteins (Figure 1A). It is worth mentioning
that the relation of protein expression of E6 full length and E6*] in the 18E6WT transfected cells is
around 20% and 80%, respectively; while in 18E6SM transfected cells, such a relation is inverted,
being around 80% and 20%, respectively. This effect is because 18E6SM harbors an A233G mutation
in the donor splicing site that promotes a decrease in the expression of E6*L. Therefore, 18E65M was
used to compare a condition with a higher expression of E6 full length. Ectopic expression of both
18E6WT and 18E6*1 increased 1.5-fold TCF-4 transcriptional activity (Figure 1B), compared with the
empty vector. 18E65M showed a similar effect in the TCF4 transcriptional activation as observed for
the other E6 expressing plasmids, although non-significant. A 2.9-fold induction of TCF-4 activity was
observed in 16E6 transfected cells, similar to the effect of ectopically expressed [3-catenin. Subsequently,
when the Wnt pathway was over activated through the co-transfection of 3-catenin and E6 expressing
plasmids, an enhancement of TCF-4 activity occurred in all tested conditions, above the 3-catenin
response (around 1.6-fold). As shown in Figure 1B, the 18E6 full-length or E6*] continued showing an
increase in TCF response, with a consistent higher effect for 16E6 (3-fold).
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Figure 1. E6 and E6*I proteins induce TCF-4 transcriptional activity. (A) Expression of E6 and E6*1
proteins was analyzed 48 h post-transfection in C33A cells, by western blot. (B) 18E6WT, 18E6SM,
18E6*1, 16E6, and (3-catenin expressing vectors were transfected as indicated, with TOPFLASH (TCF-4
reporter plasmid) and 3-galactosidase reporter plasmids in C33A cells. Luciferase reporter activity
was measured 48 h post-transfection. Luciferase activities were compared with the empty vector
or -catenin plasmid. (C) Cyclin D1 and (D) Axin2 gene expression was evaluated by qPCR in E6
transfected cells. The means and £SD of three independent experiments are depicted in each graph.
Student t test was performed to evaluate the significant differences, the values are represented as
*p <0.05,** p <0.001, *** p < 0.0001.
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Overexpression of E6 proteins also stimulate native promoters containing TCF-4 responsive
elements, as evidenced by the expression of the Wnt target genes, Axin2 and Cyclin D1, evaluated by
qPCR assay. As observed in Figure 1C,D, E6 proteins enhanced the expression of Cyclin D1 (up to
2-fold, compared to the control vector), while Axin2 reached up to a 1.5-fold increase; although 18E6*1
had no effect on Axin2 expression. Taken together, these findings suggest that HPV-18 E6 and E6*1
cooperate in the activation of the canonical Wnt/ 3-catenin cell signaling.

2.2. E6 Proteins Increase B-Catenin and TCF-4 Protein Levels, But Do Not Alter Their Subcellular Localization

To determine the effect of E6 proteins on 3-catenin and TCF-4 levels, we performed immunoblot
assays using total cell lysates. We observed that both E6 and E6*I proteins significantly increase
-catenin (Figure 2A,B) and TCF-4 (Figure 2C,D) levels. Therefore, immunofluorescence assays were
performed to investigate whether HPV-18 E6 full length and E6*I proteins alter 3-catenin or TCF-4
localization. C33A cells were transfected with 18E6WT, 18E6SM, or 18E6*] expressing plasmids and
after 48 h, cells were fixed and analyzed. As shown in Figure 3A,B, all the E6 proteins were detected
in the cytosol and nuclei. On the other hand, 3-catenin was found mainly at the cellular membrane
and cytosol, which was unaffected by the presence of E6 proteins (Figure 3A). Similar results were
obtained in HaCaT E6-transfected cells, a keratinocyte-derived model (Figure S1). Concordantly with
previous reports carried out with 16E6, we observed that E6 and E6*1 of HPV-18 do not alter 3-catenin
subcellular distribution [21]. As shown in Figure 3B, TCF-4 subcellular localization was also unaltered
in the presence of the transfected E6 isoforms.
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Figure 2. HPV-18 E6 and E6*I increase 3-catenin and TCF-4 total protein levels. C33A cells were
transfected with E6WT, E6SM, and E6*I expressing vectors. 48 h post-transfection, total cell lysates
were analyzed by western blot. (A) -catenin immunoblot and (B) densitometric analysis; (C) TCF-4
immunoblot; and (D) densitometric analysis. Data from three independent experiments were collected
and graphed showing the mean and +SD. ¢ student analysis was performed, * p < 0.05, ** p < 0.001 and
*** p < 0.0001 vs. empty vector values.
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2.3. E6 Proteins Interact with the Wnt Activation Complex In Vivo and In Vitro

Previous reports demonstrate that HPV-16 E6 interacts with members of the Wnt signaling
pathway, such as Dv12 (Dishevelled Segment Polarity Protein 2) [23]. To investigate a further interaction
with B-catenin and TCF-4, immunoprecipitation, assays were performed in C33A cells transfected
with the different E6 expressing plasmids. After 48 h post-transfection, cell protein lysates were
obtained and incubated with anti-{3-catenin or anti-TCF-4 specific antibodies to immunoprecipitate
these proteins. Afterwards, a western blot with anti-FLAG antibody was performed to assess the
binding of the E6 proteins with p-catenin or TCF-4. As observed in Figure 4A,B, the immunoblot
revealed that 16E6, 18E6 full-length, and 18E6*I proteins were able to bind to 3-catenin (94 kDa band)
and TCF-4 (60 kDa band), respectively.
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Figure 4. E6 and E6*] proteins interact with (3-catenin and the transcriptional factor, TCF-4, in vivo and
in vitro. C33A cells were transfected with different E6 expressing vectors, and 48 h post-transfection,
protein lysates were obtained. (A) p-catenin and (B) TCF-4 were immunoprecipitated with the
appropriate antibodies. The immuno-complexes were analyzed by Western blot using anti-f3-catenin
and anti-TCF-4 antibodies to detect the immunoprecipitated protein, and with an anti-FLAG to detect
E6 proteins. Image shows a representative experiment of three performed. For comparison, 10% of
protein used for immunoprecipitation (input) and the precipitation with an irrelevant IgG antibody
(isotype) are shown. An overexposure of E6 proteins in shown in panel A. (C) Purified GST-18E6,
GST-18E6*], and GST-16E6 recombinant proteins were incubated with C33A protein extracts, while
GST purified protein was used as a control. Immunoblots were performed using anti-{3-catenin and
anti-TCF-4 antibodies. 10% of protein extract was used as input. Lower panel shows Ponceau S red
staining of a representative nitrocellulose membrane. Asterisks (*) show the E6 recombinant proteins.
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These results were further confirmed by GST pull down assays using C33A lysates and GST-E6
fusion proteins (Figure 4C), where recombinant proteins bound to 3-catenin and TCF-4. These data
suggest that the E6 proteins regulate the Wnt/ 3-catenin cell signaling pathway through the interaction
with the TCF-4 activation complex.

2.4. E6 and E6*1 from HPV-18 Increase TCF-4 Protein Stability

To further determine the effect of the interaction of HPV-18 E6 and E6*I with TCF-4, we evaluated
the TCF-4 stability through half-life determination assay. C33A cells were transfected with E6
or E6*I expressing plasmids, and 48 h post-transfection, cells were treated with 200 pg/mL of
cycloheximide and the TCF-4 degradation rate was evaluated at 0, 6, and 12 h post-treatment. Overtime,
it was observed that TCF-4 protein levels decreased considerably in E6 non-transfected cells after
6 and 12 h (Figure 5A,B). Interestingly, TCF-4 protein levels were maintained in the presence of E6
and E6”I proteins after 6 h, reaching up to 4.37- to 7.25-fold, compared to cells transfected with the
empty vector. Finally, TCF-4 protein levels were higher at 12 h in 18E6WT expressing cells compared to
those transfected with the control vector. These data strongly suggest that the half-life of TCF-4 is
elongated in E6 and E6*] expressing cells, and that such an effect could be explained through the
E6/E6*I-TCF-4 interaction.
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0 6 12 0 6 12 0 6 12 0 6 12 Time (h)
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Figure 5. HPV-18 E6 proteins augment TCF-4 stability. C33A cells were transfected with E6 expressing
plasmids. 48 h post-transfection, 200 pg/mL of cycloheximide was added to the culture medium.
Protein extracts were obtained at 0, 6, and 12 h after treatment. (A) A representative immunoblot is
shown with the different treatments. In non-E6 transfected cells, the TCF-4 levels were diminished at 6
and 12 h post-treatment, in contrast to E6 expressing cells, where TCF-4 levels remained without change
at 6 and 12 h. (B) Graph showing the data as the mean and + SD of three independent experiments.
One-way ANOVA and a Tukey’s post-hoc test, ** p < 0.001 versus empty vector values.

2.5. HPV-18 E6 and E6*I Increase Nuclear TCF-4 Protein Levels

To further determine the effect of E6 proteins on nuclear TCF-4 levels, soluble cellular fractionation
was performed. As is shown in Figure 6A, full-length E6 is mainly located in the nucleus while E6*1
is found in both the nucleus and cytoplasm. Interestingly, TCF-4 was significantly increased in the
nucleus in both E6 and E6*I expressing cells (Figure 6A,B). This supports our data showing an increase
in TCF-4 stability, which may lead to an enrichment of nuclear TCF-4.
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that &%ﬁméﬁﬁkmﬁtm {RgHEEAA with a TCF-4 dependent promoter, suggesting that
such binding could be performed through TCF-4/E6/E6*] interactions, which may allow the up-

regulation of the Wnt/(B-catenin signaling pathway (Figure 7D).
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2.7. HPV-18 E6 and E6*I Proteins Induce Cell Proliferation in Cooperation with B-Catenin Overexpression

Finally, to determine the contribution of E6 proteins in the Wnt/ 3 catenin signaling pathway,
MTS and crystal violet proliferation assays were performed in C33A cells co-transfected with 3-catenin.
As shown in Figure 8A,B, when E6 proteins were transfected alone, there was an increase in
proliferation of between 70 and 85% in MTS assays, while crystal violet assays showed an increase of
only 20-30% in relation to the empty vector. Additionally, transfection of 3-catenin alone showed an
increase in proliferation of 97% in MTS assays and 51% in crystal violet assays. Furthermore, when both
E6 and E6*I and (3-catenin were co-transfected, there was a further increase in proliferation of 40-50%
in MTS assays, as compared to [3-catenin alone, while the increase found using crystal violet was of
15-30%. This suggests that E6 proteins cooperate with 3-catenin to promote the proliferation of
these cells.

a) B)
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= 190+ —_—
Psia v By Vacor i pvalue vs Empty Vector
g 2504 = 1704
B g
s e
b o 1504
° 200 E
e
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Figure 8. HPV-18 E6 and E6*I alone or in combination with -catenin increase cell proliferation.
C33A cells were transfected with the indicated plasmids, and 24 h post-transfection were
seeded into a 96 well plate. Then, experiments were assessed after 72 h either by (A) MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt)
or (B) Crystal violet assays. Data from three independent experiments were collected and graphed
showing the mean and £ SD. t student analysis was performed, * p < 0.05, ** p < 0.001 and
*** p <0.0001 vs. empty vector values.

2.8. HPV-18 E6 Variants Differentially Modulate TCF-4-Mediated Transcription

It has been proposed that HPV variants of the same type may present distinct biological
behaviors conferring different pathogenic risks [17,27,28]. To determine whether HPV-18 E6 variations
differentially induce TCF-4 transcriptional activity, we tested the E6Af variant belonging to the African
phylogenetic branch and harbors genomic variations that lead to amino acidic changes, compared to the
reference variant, E6AsAi, that in this study;, is also shown as 18E6WT [17]. HPV-18 E6Af and E6AsAi
expressing plasmids were transfected in C33A cells and co-transfected with the TCF-4-dependent
luciferase reporter plasmid (TOPFLASH), 3-galactosidase reporter, and, in some cases, with 3-catenin
plasmids, as indicated. Protein expression of E6 variants was evaluated by immunoblot as shown in
Figure 9A. E6Af was able to augment TCF-4 transcriptional activity up to 2.8-fold, higher than
the 1.5-fold induction observed for E6AsAi. These effects were also evident when -catenin was
added, where E6Af reached up to 2.25-fold induction, while E6AsAi showed a 1.6-fold induction
above exogenous (-catenin. These results show that HPV-18 E6 variants differentially induce TCF-4
transcriptional activation (Figure 9B). However, when the levels of Wnt target native genes were
analyzed by qPCR, both E6 variants were able to enhance the expression of Axin2 and Cyclin D1,
with no significant differences among them, as shown in (Figure 9C,D).
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Figure 10. HPV-18 E6 variants interact in vivo with (3-catenin and TCF-4. C33A cells were transfected
with the E6 variant plasmids. 48 h post-transfection, cell lysates were collected and immunoprecipitated
with anti-3-catenin (A,B) and anti-TCF-4 (C,D). Immunoblots show an interaction of E6 (A,C) and E6*I
(B,D) with both proteins. Overexposures of 3-catenin and E6 proteins are shown in panel B and C,
respectively. Representative images are shown from three experiments performed. 10% of protein used
for immunoprecipitation is indicated as input, and an irrelevant antibody was used (isotype).

3. Discussion

The continuous expression of the E6 and E7 oncoproteins is necessary for cellular transformation
and immortalization in HPV-related cancers. E6 oncoprotein contributes to malignant progression
through targeting a set of cellular proteins [30]. A common feature of E6-E7 mRNA from HR-HPV is to
produce small isoforms termed E6*, whose cellular functions are poorly understood [18]. It is proposed
that HPV-18 E6*I antagonizes the effects of full-length E6 [31], while some studies show that E6* has
proper E6-independent functions [32-35]. E6* interacts with E6 and E6AP [31], and also downregulates
PDZ domain containing proteins, such as hDlg, Scrib, MAGI-1, and MAGI-2 [32]. It has also been
demonstrated that E6* modulates apoptosis related-proteins, since it binds to procaspase 8, affecting
its stability [36]. Our research group previously showed that E6* induces the activation and nuclear
translocation of the procaspase 8, without inducing cell death [33]. These findings suggest that E6*
isoforms may, in a way that has not yet been described, cooperate with E6 in the malignant progression.

An aberrant activation of the Wnt cell signaling pathway has been described during
cervical carcinogenesis [9,20,37] and a role of HPV-16 E6 in this activation has been proposed
in cellular models [8,21,22,38]. Nevertheless, the effect of HPV-18 E6 and E6*I in this pathway
has not yet been analyzed.

In the present study, we demonstrate that E6*] hyperactivates the Wnt/[3-catenin pathway.
HPV-18 E6*1 by itself enhanced the TCF-4 transcriptional activity in C33A-transfected cells in 1.5-fold
compared to the control, and a similar effect was observed when 18E6WT was expressed. This suggests
that E6*] cooperates with E6 full length in the TCF-4 response. In an attempt to increase the
expression of E6 over E6*], we used an E6 expressing plasmid whose expression is enriched with
full-length E6 (18E6SM). The mutation in the 18E6SM plasmid allows the expression of higher
amounts of E6 full-length, although some E6*I is still produced since another donor site not yet
described could be used during the splicing process. When transfecting this plasmid there was a
slight increment in the TCF-4 transcriptional regulation, although non-significant, in relation to the
control vector.

Interestingly, when the Wnt pathway was over activated with the co-transfection of (3-catenin,
TCF-4 transcriptional activation was enhanced in the presence of E6 or E6*1 proteins, supporting that
E6*1 and E6 collaborate in Wnt/ 3-catenin pathway activation. We also found that 16E6 induced a
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higher response in TCF-4 activation, reaching up to a 2.5-fold induction, and this effect was slightly
enhanced in the presence of exogenous (3-catenin (3-fold). Our results are in agreement with previous
reports, where three-fold-induction of the TCF-4 luciferase reporter was obtained in HEK293T cells
ectopically expressing HPV-16 E6, the Wnt receptor HFz1, and the Wnt3a ligand [21]. Additionally,
Bonilla-Delgado et al. (2012) [23] reported a 50-fold induction of the TCF-4-dependent response in
COS-7 cells where HPV-16 E6 in combination with Dvl-2 and 3-catenin were expressed. These data
suggest that the cellular context and/or the method used for Wnt pathway activation play an important
role in the effect induced by HPV Eeé.

The expression of TCF-4 target genes was evaluated in the presence of E6 and E6*L. In HPV-18,
E6WT and E6SM expressing cells increased Cyclin D1, Axin2, and Sp5 expression, in agreement with a
previous report where E6 from HPV-16 was able to activate the Cyclin D1 promoter [21]. Moreover,
in a transgenic mice model expressing HPV-16 E6, Cyclin D1 was also up-regulated [23].

Among the Wnt target genes, Axin2 is considered a tumor suppressor and mutations within this
gene are associated to cancer development [39,40]. Axin2 is involved in a Wnt negative feedback
loop that may limit the duration intensity or the spread of Wnt signaling [41,42]. It is interesting that
even though E6*I increased Cyclin D1 expression, it failed in promoting an up-regulation of Axin2.
It is possible that E6 recruits co-regulators that are distinct to those recruited by E6*I that could be
necessary for Axin2 expression.

It has been previously demonstrated that HPV-16 E6 induces TCF-4 transcriptional activation
without affecting (3-catenin localization [21]. Consistent with this result, our findings revealed that
although E6 and E6*I increase (3-catenin and TCF-4 protein levels, they do not alter their subcellular
localization. Moreover, our results demonstrate that both E6 and E6*I are able to complex with
-catenin and TCF-4 in vivo and in vitro, which are the main proteins involved in the TCF-4-dependent
transcriptional activation.

We demonstrate that E6 and E6*] from HPV-18 not only interact with TCF-4, but are also able to
induce the TCF-4 stabilization. Further studies are needed to elucidate whether the interaction of TCF-4
with E6 proteins is responsible for TCF-4 stabilization. Previous studies have shown that HPV-16 E6
together with the E3 ubiquitin ligase E6AP, and induce stabilization of other members of the canonical
Wnt pathway, such as (3-catenin, impacting in the activation of the pathway [22].

Furthermore, it is well known that when Wnt signaling is activated, 3-catenin complexes with
TCF-4 in the nucleus, inducing the TCF-4 transcriptional response [43]. Our findings revealed that both
E6 and E6*] increased nuclear TCF-4 protein levels, which may directly impact in TCF-4 transcriptional
activation. Remarkably, the DNA pull-down as well as the ChIP results revealed that both E6 and E6*1
interact with a TCF-4 dependent promoter. This interaction could be explained through complexes
formed by E6/E6*I and TCF-4 that recognize specific sequences located at the Sp5 promoter or other
TCF-4 response promoters. Additionally, in concordance with previous studies [44,45], we found an
enhancement in proliferation in E6 expressing cells. Interestingly, proliferation enhanced by 3-catenin
was increased when E6 and E6*] were co-transfected. Therefore, our findings support a new mechanism
by which E6 and also E6*I could modulate the Wnt/ 3-catenin pathway:.

Since HPV intratype variations have been proposed to affect the HPV biological behavior, we were
also interested in determining if HPV-18 E6 variants could differentially affect the Wnt/3-catenin
signaling pathway. HPV intratype variants are defined as those containing less than 1% of
nucleotide changes in coding regions [46,47]. Our group has previously reported that HPV-18
variants exhibit differences in E6 full-length/E6*I transcript proportions, impacting on p53 levels [17].
Moreover, E6 variants differentially modulate the Akt/PI3K signaling pathway [29]. Previous
studies demonstrated that E6 variants from HPV-16 exert different abilities in the activation of the
Wnt/ 3-catenin signaling pathway [48]. Luciferase assays described herein showed that HPV-18
E6 variants have a different ability to augment TCF-4 dependent transcription, showing that E6Af
promoted at least a 2.8-fold induction of the reporter gene transcription compared with 1.5-fold of
E6AsAI. In addition, when E6 variants where co-transfected with 3-catenin, E6-Af and E6AsAi reached
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up to a 2.25-fold and a 1.6- fold TCF-4 induction, respectively, compared to that obtained with (3-catenin
exogenous expression. Nevertheless, even though E6 variants displayed different levels of TCF-4
activation, both E6Af and E6AsAi enhanced the expression of Axin2 and Cyclin D1, with no differences
among them. This effect could be due to a distinct capacity of E6 variants to regulate or interact
with other untested proteins involved in the activation of the Wnt signaling pathway. However,
we observed that both E6 variants interact with TCF-4 and (3-catenin in a similar manner, which reveals
that aminoacidic changes in E6 variants do not influence at least in such a binding capacity.

In this study, we demonstrated that not only E6, but also E6*] from HPV-18 are able to
up-regulate Wnt/ 3-catenin signaling, involving their interaction with the TCF-4 activation complex.
Additional effects on members of the Wnt pathway should be analyzed in order to determine
the specific contribution of E6 and the spliced isoform E6*I in cell transformation induced by the
Wnt/ 3-catenin pathway.

4. Materials and Methods

4.1. Cell Culture and Transfection

C33A epithelial cells were acquired from ATCC and HaCaT were kindly provided by
A. Garcia-Carranca (Instituto Nacional de Cancerologia, Mexico City, Mexico) and were maintained in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% of fetal bovine serum (FBS) in a
humidified incubator with 5% CO,. Transfections were performed using Lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions.

4.2. Plasmids

18E6WT Open Reading Frame (ORF) was obtained and PCR-amplified from an HPV-18
positive cervical cancer biopsy, 18E6*]I ORF was obtained by RT-PCR amplification from
HeLa cells (HPV-18 positive), and 16E6 ORF was amplified by PCR from CaSki cells
(HPV-16 positive). The HPV-18 E6 spliced mutant (18E65M) sequence was amplified from the
plasmid, pCAHPV18-E6sm [32]. 18E65M harbors a mutation at the donor splicing site (G233A),
favoring the expression of the E6 full-length. The HPV-18 E6Af variant (from African phylogenetic
branch) and the E6AsAi variant (from Asian-Amerindian phylogenetic branch), which is the canonical
reference variant, were PCR-amplified from DNA previously obtained from tumor biopsies [27].
All these fragments were purified and cloned into the p3x-FLAG CMV.10 expression vector
(Sigma Aldrich, Sant Louis, MO, USA) Constructs were verified by DNA-sequencing. {3-catenin,
pCAHPV18-E6sm, and pGW1-18E6-HA (hemagglutinin-tagged) expressing plasmids were kindly
provided by Lawrence Banks (ICGEB, Trieste, Italy). The TCF-4 reporter plasmid (TOPFLASH)
containing two sets of 3 copies of TCF-4 binding sites upstream of Thymidine Kinase minimal
promoter and luciferase ORF (Merck-Millipore, Burlington, MA, USA) was used to perform luciferase
assays, and pCMV-3-galactosidase plasmid (Promega, Madison, WI, USA) was used to evaluate the
efficiency of transfection.

4.3. Luciferase Reporter Activity Assays

C33A cells were seeded in a 24 well plate and transfected with a mix containing 50 ng of
appropriate E6 expressing plasmid, 100 ng of TOPFLASH, and 1 ng of (3-galactosidase reporter
plasmid, either with 50 ng of empty vector or 3-catenin, as indicated. Cell extracts were obtained
48 h post-transfection and assayed for luciferase and (3-galactosidase activities (Tropix Inc, Bedford,
MA, USA) using a Glomax 96-well plate luminometer (Promega, Madison, WI, USA) The presented
data are shown as relative luciferase readouts comparing the E6 expressing cells vs the control
vector, where luciferase readouts in empty vector condition were adjusted to 1 after normalizing with
-galactosidase activity. At least three independent experiments were performed, each by triplicate.
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4.4. Quantitative Polymerase Chain Reaction (gPCR)

C33A cells were seeded in a 60 mm culture dish and transfected with 3 ug of each E6 plasmid.
After 48 h post-transfection, cells were collected, and total RNA extraction was performed using the
RNeasy mini kit (Qiagen, Hilden, Germany). The isolated RNA was treated with the DN Ase Free DNA
removal kit (Thermo Fisher Scientific, Waltham, MA, USA) and 400 ug of RNA was reverse-transcribed
with random hexamers utilizing the GeneAmp RNA PCR Core Kit (Applied Biosystems, Foster
City, CA, USA) For the Cyclin D1 amplification, forward 5'-ACAAACAGATCATCCGCAAACAC-3’
and reverse 5'-TGTTGGGGCTCCTCAGGTTC-3' primers were used. For Sp5 amplification, forward
5'-TCGGACATAGGGACCCAGTT-3' and reverse 5'-CTGACGGTGGGAACGGTTTA-3'. As a house
keeping control, 185 mRNA was amplified with forward 5-AACCCGTTGAACCCATT-3" and reverse
5’-CCATCCAATCGGTAGTAGCG-3' primers. SYBER select Master Mix (Applied Biosystems, Foster
City, CA, USA) was utilized for qPCR reactions. For Axin2 amplification, Tagman probes were
used (Applied Biosystems, Foster City, CA, USA): Axin2 FAM (Hs00610344_m1) and 18S VIC
(Hs99999901_s1) probes, with Tagman Gene Expression Master Mix for qPCR analysis (Applied
Biosystems, Foster City, CA, USA). The results are presented as relative quantification using the
AACt method.

4.5. Western Blotting

C33A cells were cultured in 60 mm dishes and transfected with 3 ug of the indicated plasmid.
48 h post-transfection, cells were lysed using 300 pL of RIPA buffer (100 mM Tris pH 8.0, 50 mM
NaCly, 0.5% Nonidet P-40, and protease inhibitor cocktail (Roche, Basel, Switzerland)). 20 ug of cell
protein extracts were analyzed by SDS-PAGE gels (10-12%) and transferred in a 0.22 pm nitrocellulose
membrane (Bio-Rad). Membranes were blocked with 10% skimmed milk in TBS-0.1% Tween 20 per 1
h at room temperature, followed by incubation with the indicated primary antibody diluted 1:1000:
anti-FLAG M2 (Sigma Aldrich, Sant Louis, MO, USA); anti-TCF-4 (Santa Cruz Biotechnologies, Dallas,
TX, USA); anti-3-catenin (Santa Cruz Biotechnologies, Dallas, TX, USA). After washing three times
with TBS-0.1% Tween 20, membranes were incubated with HPR-conjugated secondary anti-mouse
antibody in a dilution 1:10000 (Santa Cruz, Biotechnologies, Dallas, TX, USA). Proteins were visualized
utilizing the Immobilon Western (Millipore) according to the manufacturer’s instructions. Western
blots were performed at least three times each to assure result reproducibility.

4.6. Immunoprecipitation Assay

After 48 h of transfection with the indicated plasmid, 400 ug of protein extracts were incubated
with 1ug of anti-B-catenin (Santa Cruz Biotechnologies, Dallas, TX, USA), anti-TCF-4 (Santa Cruz
Biotechnologies, Dallas, TX, USA) antibodies, or IgG isotype control (Santa Cruz Biotechnologies,
Dallas, TX, USA) overnight at 4 °C. A total of 20 uL of protein G-agarose beads (Upstate) were added
to each sample and incubated at 4 °C, for 3 h. Complexes were washed three times with PBS-0.1%
NP-40, resuspended in Laemmli sample buffer, and submitted to immunoblot analysis with anti-FLAG
M2 (Sigma Aldrich, Sant Louis, MO, USA), anti-{3-catenin (Santa Cruz Biotechnologies, Dallas, TX,
USA), and anti-TCF-4 antibodies (Santa Cruz Biotechnologies, Dallas, TX, USA).

4.7. Analysis of TCF-4 Stability

C33A cells were seeded in 60 mm dishes and transfected with 3 ug of the indicated plasmid.
48 h post-transfection, cells were treated with 200 pg/mL of cycloheximide (an inhibitor of protein
biosynthesis) (Sigma Aldrich, Sant Louis, MO, USA). After 0, 6, and 12 h post-treatment protein
extracts were isolated using 2 x Laemmli sample buffer (Bio-Rad, Hercules, CA, USA). Western blot
assays were carried out in order to analyze the TCF-4 protein stability.
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4.8. Immunofluorescence Staining and Cell Imaging

C33A and HaCaT cells were seeded over slides in 6 well plates and transfected with the indicated
plasmids. After 48 h post-transfection cells were fixed with 3.7% paraformaldehyde in PBS for 10 min
and permeabilized with PBS-0.1% Triton X-100. Then, cells were incubated with anti-FLAG M2
(Sigma Aldrich, Sant Louis, MO, USA) and anti-{3-catenin (Cell Signaling) or anti-TCF-4 (Santa Cruz
Biotechnologies, Dallas, TX, USA) antibodies overnight at 4 °C, after blocking with a 0.3% BSA solution.
Cells were washed extensively with PBS and later incubated with anti-rabbit or anti-mouse antibodies
conjugated to Rhodamine or Alexa-488 (Invitrogen, Carlsbad, CA, USA), respectively. Slides were
washed and mounted with Prolong Diamond Antifade Mounting (Molecular Probes, Eugene, OR,
USA) and then analyzed with a confocal microscope (Zeiss LSM 710 DUO, Oberkochen, Germany),
with lasers giving excitation lines at 488 and 594 nm. Around twenty fields were observed for each
treatment and representative images were acquired. The data of three independent experiments were
collected with a 63 x objective oil immersion lens.

4.9. GST- Fusion Protein Purification

E6 coding sequences were cloned into the pGEX-2T (GE) expression plasmid and the identity of
each plasmid was verified by DNA-sequencing. GST-fusion protein production was induced in DH5-
E. coli strain with 10 mM IPTG. After three hours of induction, proteins were purified by lysing the cells
using 1% triton/PBS and separating the insoluble fraction by centrifugation. Supernatant was then
incubated with glutathione sepharose beads (Sigma Aldrich, Sant Louis, MO, USA), washed several
times, and then re-suspended in 1 mL of 1% triton/PBS and analyzed by SDS-PAGE. Similar amounts of
GST-fusion proteins were incubated overnight with 40 ug of C33A cellular protein extract, beads were
then washed several times, and bound protein was analyzed by western blot using anti-TCF-4 and
-catenin antibodies.

4.10. Soluble Cell Fractionation Assay

C33A cells were seeded into a 60 mm dish and transfected with 3 ug of the indicated plasmid. 48 h
post-transfection, cells were pelleted and washed with PBS (Phosphate-Buffered Saline). Cells were
resuspended in 300 UL of lysis buffer (10 mm Tris pH 6.5, 27 mM Nay5,0s, 1% Triton X-100, 10 mM
MgCl,, 25 mM Sucrose, and protease inhibitor cocktail) and incubated for 10 min at 4 °C with gentle
agitation. The samples were centrifuged and the supernatants were collected (Cytoplasmic fraction).
The pellets were resuspended in extraction buffer (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA
pH 8.0, 0.1 mM EGTA pH 8.0, and protease inhibitor cocktail) and centrifuged through a 0.34 M sucrose
gradient. Then, the pellets were resuspended in RIPA buffer (100 mM Tris pH 8.0, 50 mM NaCl,,
0.5% Nonidet P-40, and protease inhibitor cocktail (Roche, Basel, Switzerland)) (Nuclear fraction).
The samples were analysed by immunoblot using anti-TCF-4 (Santa Cruz Biotechnologies, Dallas, TX,
USA), anti-Lamin B1 (Abcam, Cambridge, UK), anti-GAPDH (Santa Cruz Biotechnologies, Dallas, TX,
USA), and anti-FLAG M2 (Sigma Aldrich, Sant Louis, MO, USA) antibodies.

4.11. DNA Pull-Down Assay

A fragment of the GSp5 promoter was amplified wusing the biotin labelled
forward primer, 5'Bio-GGGTCTCCAGGCGGCAAG3/, and reverse specific primer,
5'-AGCGAAAGCAAATCCTTTGAATCC-3'. The probe was purified with the QIAquick PCR
purification kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. C33A cells were
seeded and transfected with 10 pg of each plasmid as indicated. 48 h post-transfection cells were lysed
using the HKMG buffer (10mM HEPES pH 7.9, 100 mM KCI, 5 mM MgCl,,1 mM DTT, 1 mM Na3zVOy,
10% glycerol, 0.5% NP-40, and protease inhibitor cocktail), incubated 20 min at 4 °C, and then passed
through a 25-gauge needle attached to a 1 mL syringe for 20 times. The lysates were centrifuged,
and the supernatant were collected. The protein extracts were pre-cleared with 60 uL of Streptavidin
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agarose beads (Invitrogen, Carlsbad, CA, USA) during 30 min at 4 °C and then were centrifuged and
the supernatants were collected. For each sample, a total amount of 4 ug of biotin probes and 2.5
ug of Poly dI-dC (Sigma Aldrich, Sant Louis, MO, USA) were added and incubated overnight. 60
uL of Streptavidin agarose beads were added to each sample and incubated during 30 min at 4 °C.
The samples were centrifuged, and the supernatants were discarded. The obtained beads were washed
five times with the HKMG buffer and finally resuspended with 2 x Laemmli sample buffer (Bio-Rad,
Hercules, CA, USA). Then, Western blot assays were carried out.

4.12. Chromatin Immunoprecipitation Assay

C33A cells were seeded in a 100 mm plates and co-transfected with 7 pg of each 18E6HA and
[-catenin expressing plasmids. 48 h post-transfection, cells were cross-linked with 1% of formaldehyde
and quenched with 0.125 M of glycine. Cell lysates were obtained using a Lysis Buffer (1% SDS,
10 mM EDTA pH 8, 50 mM Tris HCl pH 8, and protease inhibitor cocktail) and sonicated with a
Bioruptor Pico (Diagenode, Denville, NJ, USA), obtaining DNA fragments ranging from 200 to 500 bp.
A total of 20 ug of chromatin per sample was used and diluted 1:5 with a Dilution Buffer (1% Triton
X-100, 150 mM NaCl, 2 mM EDTA pH 8, 20 mM Tris HCl pH 8, and protease inhibitor cocktail). Then,
all samples were precleared with 50 uL of protein G agarose/Salmon Sperm DNA beads (Millipore)
during 3 h at 4 °C and centrifuged. Supernatants were incubated using anti-HA (Cell Signaling),
anti-TCF-4 (Abcam, Cambridge, UK), or anti-IgG (Santa Cruz Biotechnologies, Dallas, TX, USA) rabbit
antibodies overnight at 4 °C. Further, 50 uL of protein G agarose/Salmon Sperm DNA (Millipore)
was added and incubated during 3 h at 4 °C. Samples were centrifuged, and the beads were washed
four times with Wash Buffer I (1% Triton X-100, 0.1% SDS, 150 mM NaCl, 2 mM EDTA pH 8, 20 mM
Tris-HCl pH 8, and protease inhibitor cocktail) and once with Wash Buffer II (1% Triton X-100, 0.1%
SDS, 500 mM NaCl, 2 mM EDTA pH 8, 20 mM Tris-HCI pH 8, and protease inhibitor cocktail).
Immunoprecipitated complexes were eluted with the Elution Buffer (1% SDS, 100 mM NaHCO3) and
de-crosslinked with 200 mM NaCl for 5 h at 65 °C. All samples were treated with RNAse (200 pg) and
Proteinase K (160 pg). DNA fragments were obtained using the phenol/chloroform protocol. Further,
qPCR was performed to evaluated proteins interaction with Sp5 promoter using specific primers:
Forward 5'-GGGTCTCCAGGCGGCAAG-3' and Reverse 5-AGCGAAAGCAAATCCTTTGAATCC-3'.
To analyze the data, the fold enrichment method was performed.

4.13. Proliferation Assays

C33A cells were seeded in a 60 mm dishes and transfected with 3 ug of
E6 and [-catenin expressing plasmids, as indicated. After 24 h post-transfection,
cells were harvested and seeded in a 96-well plate for 72 h. The MTS
(3-(4,5-dimethylthiazol-2-yl1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt)
assays were performed using the CellTiter 96 Aqueous One Solution Cell Proliferation kit (Promega,
Madison, WI, USA), according to the manufacturer’s instructions.

For crystal violet assays, cells were fixed with 10% of formol/PBS for 30 min at room temperature
while shaking. Cells were then stained with crystal violet/PBS for 15 min. After several washes,
cells were treated with acetic acid/PBS and then measured at 490 nm. The data were graphed to
determine the percentage of cell proliferation for each assay condition.

4.14. Statistical Analysis

Data showing the effects of HPV-18 E6 and E6*] and HPV-16 E6 on TCF-4 in the different assays
are presented as mean &+ SD. p was calculated by Student’s ¢-test or ANOVA Tuckey’s post-hoc analysis.
Significance differences were accepted at p < 0.05, as indicated.

Supplementary Materials: Supplementary materials can be found at http:/ /www.mdpi.com/1422-0067/19/10/
3153/s1.
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