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RESUMO

Introducdo: O carcinoma hepatocelular (CHC) é a terceira cause de morte entre 0s
canceres em todo o mundo. Vérias doencas hepéticas cronicas sdo fatores predisponentes
ao CHC. Diferentes vias de sinalizacdo ja foram identificadas na patogénese do CHC,
porém nenhuma via comum foi reportada. A sinalizagdo intracelular de calcio (Ca?*)
regula a proliferacdo de hepatdcitos saudaveis e de células tumorais, podendo vir a ser
um alvo no desenvolvimento do CHC. Objetivo: Investigar se a metilacio do DNA
regula a expressdo dos receptores de Inositol 1,4,5-trifosfato do tipo 3 (ITPR3) em
hepatdcitos saudaveis e se a desregulacdo desse processo esta envolvida na tumorigénese
hepatica. Métodos: A expressdo do ITPR3 em amostras de figado humano, células
hepaticas tumorais e figado de camundongo foi realizada combinando a analise dos niveis
de metilacdo do DNA na regido promotora do gene ITPR3 e a caracterizagdo dos efeitos
da expressdo de ITPR3 na proliferacdo celular e no processo apoptético. A expresséo de
novo de ITPR3 foi avaliada em hepatdcitos murino, assim como a sinalizagdo de Ca®* e
a capacidade regenerativa do figado. Resultados: ITPR3 ndo é expresso ou é expresso
em baixa quantidade em hepatdcitos normais, mas sua expressao € aumentada em
amostras de CHC de diferentes etiologias e esta relacionada a uma menor sobrevida do
paciente. O DNA da regido promotora do gene ITPR3 é altamente metilado em
hepatdcitos saudaveis, encontrando-se significativamente desmetilado em pacientes com
CHC. Administracdo de um agente desmetilante em camundongos resultou na expresséo
de ITPR3 em algumas areas do figado, culminando com um aumento na sinaliza¢ao de
Ca2". Essa expressdo de novo de ITPR3 resultou em uma maior proliferacio dos
hepatocitos, aumentando a capacidade regenerativa do figado. A delecdo de ITPR3 em

células de CHC humano resultou em um aumento do apoptose. Concluséo: Juntos, 0s



resultados sugerem que a expressdo de novo de ITPR3 é um evento comum ao CHC e

pode estar envolvida na patogénese da doenca.

Palavras-chaves: Carcinoma hepatocelular, ITPR3, sinalizacdo de célcio, proliferagdo

celular, apoptose.



ABSTRACT

Background: Hepatocellular carcinoma (HCC) is the second leading cause of cancer
death worldwide. Several types of chronic liver disease predispose to HCC, and several
different signaling pathways have been implicated in its pathogenesis, but no common
molecular event has been identified. Calcium (Ca?*) signaling regulates the proliferation
of both normal hepatocytes and liver cancer cells and can be a target in the HCC
development. Objective: We investigated the role of the protein involved on the
intracellular Ca2* signaling in HCC. Design: Expression analyses of the type 3 isoform
of the inositol 1, 4, 5-trisphosphate receptor (ITPR3) in human liver samples, liver cancer
cells and mouse liver were combined with the evaluation of DNA methylation profiles of
ITPR3 promoter in HCC and characterization of the effects of ITPR3 expression on
cellular proliferation and apoptosis. The effects of de novo ITPR3 expression on calcium
signaling and liver growth were evaluated in mice. Results: ITPR3 was absent or
expressed in low amounts in hepatocytes from normal liver, but was expressed in HCC
specimens from three independent patient cohorts, regardless of the underlying cause of
chronic liver disease, its increased expression level was associated with poorer survival.
The ITPR3 gene was heavily methylated in control liver specimens but was demethylated
at multiple sites in specimens of patient with HCC. Administration of a demethylating
agent in a mouse model resulted in ITPR3 expression in discrete areas of the liver, and
Ca?* signalling was enhanced in these regions. In addition, cell proliferation and liver
regeneration were enhanced in the mouse model, and deletion of ITPR3 from human HCC
cells enhanced apoptosis. Conclusions: These results provide evidence that de novo

expression of ITPR3 typically occurs in HCC and may play a role in its pathogenesis.

Keywords: Hepatocellular carcinoma, ITPR3, calcium signaling, cell proliferation,

apoptosis.
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INTRODUCAO
Sinalizacao intracelular de célcio

Devido a sua capacidade de regular diversas fungdes celulares, o ion calcio (Ca?*)
¢ considerado um importante mensageiro intracelular. Para que cada funcdo seja
desempenhada de forma correta, alterages nas concentracdes de Ca?* devem ocorrer de
forma efetiva e em regibes especificas da célula, como por exemplo: variagdes no Ca?*
nuclear levam & transcricio genética e a proliferacdo celular, enquanto o Ca?
mitocondrial regula os processos de metabolizacdo lipidica e apoptose (HARDINGHAM
et al., 1996; RODRIGUES et al., 2007; FERIOD et al., 2014; GOMES et al., 2005;
GUERRA et al., 2011). Nos hepatdcitos, para que seja iniciado o processo de liberacédo
de Ca?* é necessario que um agonista se ligue ao seu receptor, seja ele acoplado a proteina
G ou receptores do tipo tirosina-quinase, como mostrado na FIGURA 1 Dada essa
ligacdo, havera ativacdo de fosfolipase C (PLC), presente na membrana plasmatica e
também no envelope nuclear, que fard a quebra de fosfolipides de membrana (fosfatidil
Inositol 4,5-bifosfato - PIP2), gerando diacilglicerol (DAG) e Inositol 1,4,5-trifosfato
(InsP3). O InsP3, se difunde pelo citoplasma até encontrar os receptores para InsPs (ITPR),
localizados na membrana do reticulo endoplasmatico e/ou nucleoplasmético. Havendo a
ligacdo, ocorre uma mudanca conformacional no ITPR, fazendo com que os estoques
internos de Ca?" no reticulo endoplasmatico e/ou nucleoplasmatico sejam liberados

(BERRIDGE et al., 2003).

Em altas concentracdes, o0 Ca?* pode ser toxico para a célula, levando a morte.
Para evitar esse processo, mecanismos foram desenvolvidos para remover esse ion ap6s
sua liberagdo. Um desses mecanismos é a ativacdo de transportadores de membrana que
removem o Ca?* para fora da célula, como Ca?*-ATPase ou trocador de Na*/Ca?*. Outro

mecanismo é a captura de Ca?* pela mitocondria através da acdo do mitochondrial Ca?*



uptake 1 (MCU1) ou pela acdo da sarco/endoplasmic Ca?* ATPase (SERCA), que

transfere os ions do citoplasma para o reticulo endoplasmatico (OLIVEIRA et al., 2014).

Growth Factor

O Hormone

receptor
tyrosine kinase

G-protein
coupled receptor

endoplasmic
reticulum

to nucleus

FIGURA 1. Sinalizagdo de Célcio. Apds a ligacdo de um agonista a um receptor acoplado a
proteina G ou ao receptor tirosina-quinase, como no caso dos fatores de crescimento, ocorre a
hidrélise do PIP2 pela PLC, gerando DAG e InsPs. O InsP3 liga-se ao seu receptor ITPR no
reticulo endoplasmatico que age como canal que permite a liberagdo de Ca** para o citosol ou
nlcleo. Ref: Leite, MF et.al, 2010 — The Liver: Biology and Pathobiology; John Wiley and Sons).
NOTA: Atualizacfes foram feitas recentemente e a sigla para os receptores de Inositol 1,4,5-
trifosfato mudou de InsP3R para ITPR.



Receptores de Inositol 1,4,5-trifosfato

Formado por uma sequéncia de aproximadamente 2700 aminoacidos, as
subunidades dos ITPRs séo formados por trés importantes partes: uma regido N-terminal,
onde se encontra a sequéncia de ligacdo do InsPs, uma regido C-terminal, responsavel
pela formagéo do poro por onde os fons Ca?* sdo liberados e entre as duas extremidades
existe uma regido regulatdria que sofre agdo de outras moléculas, regulando por exemplo
a localizagéo da expressao desses receptores (JIANG et al., 2002; SHAH et al., 2015). O
ITPR em si € formado por quatro subunidades idénticas, logo, faz-se necessario quatro
moléculas de InsP3 para ativar a liberagio de Ca?*. E descrita a existéncia de trés
isoformas do ITPR: tipo 1 (ITPR1), tipo 2 (ITPR2) e tipo 3 (ITPR3), apresentando
homologia de aproximadamente 70% nas sequéncias de aminoacidos que as formam
(MIKOSHIBA, 2007). Todas as isoformas sdo ativadas pelo mesmo ligante, o InsPs,
sendo que cada isoforma apresenta diferentes graus de afinidade. O ITPR2 é a isoforma
com maior afinidade ao InsPs, enquanto o ITPR3 € a isoforma com menor afinidade

(NEWTON et al., 1994).

No figado, o ITPR1 representa 20% dos ITPRs em hepatécitos. Essa isoforma é
distribuida por todo o citoplasma e sugere-se que ela estabeleca um acoplamento entre a
mitocondria e o reticulo endoplasmatico, sendo a responsavel pela sinalizacdo de Ca?
mitocondrial (GUERRA et al., 2011; FERIOD et al., 2016). O ITPR2, em condicOes
fisiologicas, representa 80% do ITPRs em hepatocitos. Essa isoforma esta concentrada
em uma regido especializada do reticulo endoplasmatico, sob a membrana canalicular, e
regula a insercdo e ativacdo de transportadores importantes para a secrecdo biliar
(HERNANDEZ et al.,, 2007; FERIOD et al., 2016). O ITPR3 estd presente em
quantidades insignificantes em hepatdcitos em condi¢des fisiologicas, porém estudos

preliminares demonstram aumento da expressdo dessa isoforma em carcinoma



hepatocelular (LEITE et al., 2003) e em situacGes agudas e cronicas de injuria hepatica
(LEMOS et al., 2020 e dados nao publicados). Os mecanismos e as funcdes da expressao
de ITPR3 nos hepatocitos em casos de doenca hepatica ainda sdo poucos conhecidos, mas
estudos recentes, como reportado por Lemos e colaboradores, vem construindo esse

conhecimento.

Os colangidcitos, outro tipo celular encontrado no figado e responsével por formar
os ductos biliares, diferentemente dos hepatdcitos, expressam as trés isoformas do ITPR.
ITPR1 e ITPR2 juntos somam 20% dos ITPRs nesse tipo celular e sdo distribuidos pelo
citoplasma. J& o ITPR3, isoforma majoritaria nos colangiécitos, é encontrado
predominantemente na regido apical da célula, ou seja, voltada para o lumen dos ductos
biliares. Estudos mostraram que a sinalizacdo mediada por ITPR3 nos colangiocitos
regulam a liberagdo de agua e eletrdlitos, diluindo a bile e permitindo seu escoamento até
avesicula biliar (SHIBAO et al., 2003). Em algumas condi¢6es clinicas, como septicemia
e hepatite alcodlica, a expressdo da isoforma 3 do ITPR se encontra diminuida, o que leva
a um quadro clinico de colestase (FRANCA e LIMA FILHO et al., 2019). Alguns fatores
de transcricdo ja foram descritos como 0s responsaveis por causar a diminuicdo da
expressdo de ITPR3 em colangiécitos, entre eles o nuclear factor erythroid 2-related
factor 2 (Nrf2), factor nuclear kappa B (NF-xB) e micro RNA 506
(WEERACHAYAPHORN et al., 2015; FRANCA e LIMA FILHO et al.,, 2019 e

ANANTHANARAYANAN et al., 2015).



Carcinoma hepatocelular e epigenética:

Segundo o Observatério Global do Céancer da Organizacdo Mundial da Saude
(OMS), em 2040, o carcinoma hepatocelular (CHC) serd responsavel por mais de
1.200.000 mortes e terd uma incidéncia de mais de 1.300.000 novos casos por ano.
Atualmente, 0 CHC ¢ a sexta causa de mortes entre os canceres e anualmente, mais de
800 mil casos sdo diagnosticados (GLOBOCAN, 2018). O CHC se origina da
cronificacdo de doencas hepaticas e € uma doenca que requer tempo para se desenvolver.
Entre as principais doencas hepaticas que se cronificam dando origem ao CHC, podemos
destacar as infeccGes pelos virus da Hepatite B e Hepatite C, o consumo croénico de alcool
e atualmente, com mais destaque a esteatohepatite ndo alcodlica (non-alcoholic
steatohepatitis - NASH) (EL-SERAG et al., 2007). De maneira geral, as etiologias acima
mencionadas utilizam de mecanismos proprios para gerar o dano hepatico e, em resposta
a esse estresse, o figado ativa sua maquinaria de reparo no qual o tecido lesado é
encapsulado ou substituido por uma matriz constituida principalmente de colageno do
tipo I, dando origem a fibrose (SCHUPPAN & AFDHAL, 2008). A extensdo da fibrose
ndo se relaciona somente com a doenca hepatica em si, mas também com fatores
ambientais e com o préprio individuo. A cirrose, gerada pelo avanco da fibrose hepatica,
gera um quadro clinico no qual os septos fibroticos alteram o fluxo sanguineo, levando a
uma hipertensdo portal e alterando a funcionalidade dos hepatocitos (SCHUPPAN &
AFDHAL, 2008). E sabido que com a progressao da fibrose/cirrose, fatores de transcricio
responsaveis por conferir a identidade dos hepatocitos, os chamados Liver-enriched
transcription fator (LETF), apresentam sua expressao diminuida, levando a uma perda da
diferenciacéo dos hepatdcitos e contribuindo para a progressdo do dano hepatico (LI1U et

al., 2012; GUZMAN-LEPE et al., 2018). A presenca da cirrose € um fator



predeterminante para o surgimento do CHC, atualmente 90% dos CHC registrados na

parte ocidental do globo esta relacionada a cirrose (FORNER et al., 2018).

No complexo processo de carcinogénese, uma das primeiras alteragdes a surgir €
a do perfil genético. Genes que participam da protecdo celular, chamados de genes
housekeeping, sdo suprimidos, ou seja, apresentam sua expressdo diminuida e juntamente
com tal fato, oncogenes e genes pro-metastaticos passam a ser expressos (JONES et al.,
1999; FEITELSON et al., 2002; EHERLICH, 2002). Genes como alpha fetoprotein
(AFP), RAt Sarcoma virus (RAS), c-FOS, c-JUN, rhodopsin (RHO), transforming growth
factor alpha (TGF-a) e hepatocyte growth factor (HGF), sdo alguns dos genes alterados
no figado, resultando em uma maior proliferacdo celular e contribuindo para o processo

de carcinogénese (ZHANG et al., 2010).

A expressao génica estd sob o comando de varias formas de regulacgdo, entre elas
a epigenética, que sdo alteracdes que regulam a expressao de genes sem alterar a estrutura
fundamental do material genético. Esses padrdes epigenéticos sdo reversiveis e estdo
suscetiveis a modificacdes ambientais, podendo causar mudancas fenotipicas herdaveis
pela mitose e transmitidas ao longo de geracOes aos descendentes (TANG E HO, 2007).
As principais modulagGes epigenéticas descritas na literaturas sdo: modificacdes nas
histonas, a metilacdo do DNA e 0s RNAs ndo codificantes, micro RNA e long non coding
RNA (HANDY et al., 2011). As modificagbes de histonas e a metilagdo do DNA, séo
capazes de modular a transcri¢cdo por intermédio da modificacdo da acessibilidade a
cromatina, causada pelas alteragcdes nos nucleossomos ou diretamente no DNA (LUND
et al., 2004; D’ALESSIO et al., 2006). Enquanto os RNA néo codificantes podem atuar
como reguladores pos-translacionais ou até mesmo exercendo papel de fatores de

transcricao, se ligando a regido promotora do gene (XIAQ et al., 2017).



A metilacdo do DNA € a alteracdo epigenética mais bem descrita na literatura e a
que mais afeta 0 DNA. Esse processo € capaz de regular a expressao genética por meio
de adicdes covalentes, realizadas pelas enzimas DNA metiltransferases (DNMTSs), de um
grupamento metil (CHz) na posi¢ao 5’ do anel de citosina localizado nas ilhas CpG, pares
de Citosina-fosfato-Guanina (FEINBERG, 2001; BIRD, 1992). A hipermetilacdo das
ilhas CpG, localizadas nas regides promotoras de genes housekeeping e a hipometilacao
de oncogenes tém papel significativo na progressao de tumores (ROTHHAMMER et al.,
2007). Com o recente avanco da bioengenharia e manipulacéo genética, terapias baseadas

na epigenética vem sendo discutidas e estudas (DAWSON et al., 2012).

Considerando o envolvimento dos processos epigenéticos na progressdo tumoral
e a expressdo de ITPR3 em condi¢Bes de doencas hepaticas, incluindo o carcinoma
hepatocelular, buscamos verificar a ocorréncia e a relacdo desses dois eventos no
desenvolvimento do CHC causado por diferentes doencas de base. O estudo da expressdo
do ITPR3 em hepatécitos e sua possivel participacdo no processo de formacdo dos
tumores hepaticos possibilitara a ampliacdo dos conhecimentos sobre a génese dessa
patologia, o estudo de novos biomarcadores para a detecgéo e avaliagdo da progressao da

doenca, bem como a identificacdo de alvos terapéuticos para o tratamento especifico.
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OBJETIVOS

Objetivo geral

Investigar se a metilacdo do DNA regula a expressdo dos receptores de Inositol 1,4,5-
trifosfato do tipo 3 (ITPR3) em hepatocitos e se a desregulacdo desse processo esta

envolvida na tumorigénese hepatica.

Objetivos especificos

- Avaliar se a expressdo de ITPR3 esta sob o controle da metilacdo do DNA.

- Avaliar se a expressao de ITPR3 altera a proliferacdo celular dos hepatécitos e capacidade
regenerativa do figado;

- Avaliar se a expressdo de ITPR3 participa do processo de formagdo do tumor hepatico e qual

sua contribuicdo para o desenvolvimento e progressdo do mesmo.



MATERIAIS E METODOS



MATERIAIS E METODOS

Avaliacao do perfil de metilacdo do DNA na regido promotora do ITPR humano

Os niveis de metilacdo do DNA humano foram coletados em bancos de dados
disponiveis gratuitamente para acesso. Os controles foram retirados do banco de dado
Gene Expression Onimbus - GEO. Para controle, foram selecionados 23 individuos, de
idade entre 33-57 anos, sendo 47% do sexo masculino e 53% do sexo feminino. Os dados
dos pacientes com tumor hepatico do tipo CHC foram retirados The Cancer Genome Atlas
— TCGA. Quarenta pacientes compdem esse grupo e apresentam idade média de 59 anos,
sendo 65% homens e 35% mulheres. Os niveis de metilacdo do DNA (beta value) foram
obtidos utilizando DNA gendmico do figado e 0 método Illumina Human Methylation
450 em ambos os bancos de dados. As ilhas CpG dentro da regido promotora dos ITPRs
foram selecionadas utilizando os seguintes ID_REF: ITPR1 (cg24699271; cg03918306;
cg04251662; cg06716686; cg09407429; cgl4643330; cg21024916; cg21858376),
ITPR2: (cg02569086; cg03966406; cgl6175911; cg18238734; cg24082826;
€g25960567) e ITPR3 (cg02066343; ¢g02084729; ¢g02478409; cg03489495;
€g05234888; cg08355863; €g09209803; cg12650926; cg12913957; cgl4639225;
€g16400825; ¢g19889152; ¢g20706766; cg22065976; cg24603235; cg27193704). A
porcentagem de ilhas CpG na regido promotora do ITPR3 humano foi obtida no site

Ensembl.

Analise dos dados de sobrevivéncia em pacientes com carcinoma hepatocelular

Os dados gerados a partir do The Cancer Genome Atlas — TCGA foram usados
para dividir os pacientes em dois grupos de acordo com os niveis de mMRNA para ITPR3.

O primeiro grupo, 39 de 370 pacientes (10,5%), apresentou expressao elevada de ITPR3



(z> 1,0). O restante, 331 pacientes (z <1,0), possuia niveis de RNA mensageiro para
ITPR3 considerados normais. As curvas de sobrevida global e livre de doenga em 5 anos

foram plotadas utilizando o Graphpad Prism.

Animais e tratamento hipometilante do DNA

Camundongos Swiss macho (20-30 gramas), provenientes do Centro de
Bioterismo da Universidade Federal de Minas Gerais, foram mantidos em um ciclo de 12
horas claro-escuro e acesso ad libitum a comida e agua (CEUA 169/2014). Os animais
foram tratados por 1 semana com injecBes intraperitoneais didrias de 2 mg/kg de 5°-
azacitidina (5’-aza), uma droga sabidamente hipometilante do DNA por inativar DNA
metiltransferases (DNMT), enzimas responsaveis pela adi¢do do grupo metil ao material
genético. O grupo controle recebeu apenas salina. Apos o tratamento, esquematizado na
FIGURA 2, o soro dos grupos controle e tratados foram coletados para a avaliacdo da
funcdo de enzimas marcadoras de dano hepatico, como por exemplo: fosfatase alcalina
(ALP), gamaglutiltransferase (GGT) e as aminotransferases de aspartato (AST) e de
alanina (ALT). Avaliacdo do parénquima hepéatico também foi realizada por meio de

cortes histologicos e coloracdo pela eosina e hematoxilina (HE).

Day 1 Day 7 Day 8

I Daily intraperitoneal injection I I

- Saline

- 2 mg/Kg 5’-azacitidine (5’-aza) Euthanasia

FIGURA 2. Esquema do tratamento hipometilante do DNA. Durante 7 dias, camundongos
machos Swiss foram tratados com 2 mg por quilo corporeo de 5’-azacitidina ou salina. Ambas
os tratamentos foram feitos por meio de injecdo intraperitoneal. No dia seguinte ao ultimo dia de

tratamento os animais foram eutanasiados para performance dos experimentos.



Modelo murino de carcinoma hepatocelular

Camundongos C57/BL6 machos com 2 semanas de idade foram injetados com
uma dose intraperitoneal Unica de 50 mg/kg de dietilnitrosamina (DEN). Salina foi
utilizada para o tratamento de animais do grupo controles. Os figados dos animais foram
coletados ap6s 6, 9 e 12 meses do tratamento. Fixados em formol e embebidos por
parafina, cortes de 5 wm foram utilizados para imunomarcagdo de ITPR3. Esse
procedimento foi realizado em parceria com a Yale University e protocolado sob o registro

#2012-07602.

Cultura primaria de hepatocitos

Hepatocitos foram isolados do figado dos animais adultos controles e tratados
com 5’-aza através da perfusdo com colagenase como ja previamente descrito por Boyer
em 1990. A cultura primaria dessas células foi realizada a 37 °C sob 5% C02/95% O em
meio William contendo 10% de soro fetal bovino, 50 unidades/mL de penicilina e 50
g/mL de estreptomicina. Os hepatdcitos primarios foram utilizados até 4 - 6 horas do
isolamento. A medida de viabilidade destas células foi realizada através do teste de
exclusdo com azul de Tripan e somente culturas com viabilidade acima de 85% foram

utilizadas.

Estudo do perfil de metilacéo da regido promotora do gene ITPR3 em camundongos

Para avaliar o perfil de metilagdo da regido promotora do gene que codifica o

ITPR3, DNA gendmico foi extraido de hepatocitos controles e tratados com 5’-aza



utilizando o kit de extracdo DNAeasy Blood and Tissue (Qiagen) de acordo com
instrucdes do fabricante. Logo em seguida, 0 DNA extraido foi tratado com bissulfito,
utilizando o kit EZ DNA Methylation-Gold (Zymo Research). Apds conversdo do DNA
com bissulfito, parte da regido promotora do gene que codifica o ITPR3 foi amplificada
por meio de PCR convencional e utilizando os seguintes primers especificos: 5°-
AAGCCGTCTAGAGAACGCCC-3’ (forward) ¢ 5’-CCACACACATGCAAATCCCG-
3’ (reverse). A amplificacdo do produto da PCR foi verificada utilizando gel de 1% de
agarose. Em seguida, o produto foi sequenciado e foi possivel identificar as regides
metiladas e ndo metiladas na regido promotora do gene ITPR3. As citosinas ndo metiladas
das ilhas CpG, durante o tratamento das amostras com bissulfito, foram convertidas a

uracila e identificadas no sequenciamento.

Real time PCR

RNA mensageiro total dos hepatdcitos isolados foi extraido com Trizol (Sigma)
de acordo com as instrugdes do fabricante. DNA complementar foi gerado a partir de 1ug
de RNA usando o Kit de Transcricdo Reversa de Alta Capacidade cDNA (Life
Technologies). Analises de gPCR foram realizadas com SYBR Green PCR Supermix
(Bio-Rad) usando o sistema CFX96 Real Time PCR (Bio-Rad). Primes para ITPR3 de
camundongo foram utilizados e a expressdo relativa de RNA mensageiro determinado
pelo método comparativo Ct usando GAPDH como o gene de referéncia. As sequencias
dos primers utilizados foram: 5’-TATGCAGTTTCGGGACCACC-3’ (ITPR3 foward),
5’>-TGCCCTTGTACTCGTCACAC-3’ (ITPR3 reverse), 5’-
GACAGTCAGCCGCATCTTCT-3’ (GAPDH foward) e 5’-

GCGCCCAATACGACCAAATC-3’ (GAPDH reverse).



Western blot

Proteinas totais ou fracbes nucleares e citoplasmaticas dos hepatdcitos foram
extraidas como descrito por GUIMARAES et al., 2017 e DIMAURO et al. 2012,
respectivamente. 40 ou 80 pg do lisado proteico foram separadas utilizando gel de 10 %
de bis-acrilamida (Bio-Rad) seguido de transferéncia das proteinas para membrana de
PVDF. LigacGes ndo especificas foram bloqueadas utilizando uma solucdo 5% albumina
bovina em TBST 1x, incubado por 1 hora a temperatura ambiente. As marcacdes de
interesse foram feitas incubando as membranas overnight a 4 °C com 0s seguintes
anticorpos: anti-ITPR1 (1:1000; Santa Cruz), anti-ITPR2 (1:1000; Santa Cruz), anti-
ITPR3 (1:1000; Millipore), caspase clivada 3 (1:1000; Cell Signaling), anti-GAPDH
(1:5000; Santa Cruz), anti-p actina (1:5000; Santa Cruz) e anti-Histone H3 (1:1000; Santa
Cruz). As membranas foram incubadas com anticorpos secundarios acoplados a
peroxidase (Sigma) durante 2 horas a temperatura ambiente. As revelagdes das
imunomarcacdes foram feitas utilizando reagente ECL (Bio-Rad), e as quantificacbes das
marcagdes foram realizadas utilizando o software Image J, como descrito por

GUIMARAES et al., 2017.

Imunofluorescéncia

Hepatocitos isolados foram plaqueados em laminulas 22x22 cm revestidas com
colageno do tipo | (Sigma). ApoOs 2-4 horas para aderéncia, as células foram fixadas
utilizado paraformoldeido a 4% (Electron Microscopy Science) e permeabilizadas com
0,05% de Triton X-100 (Sigma). Apds lavagem com Phosphate Buffered Saline - PBS

(Sigma) as ligacdes inespecificas foram inativadas com uma solucéo de bloqueio (10%



albumina bovina, 0,05% Triton X-100, 5% soro de cavalo em PBS) por 1 hora a
temperatura ambiente. Anti-ITPR3 (1:100; Millipore) foi utilizado para a imunomarcacéo
com incubacéo por 2 horas a temperatura ambiente. O anticorpo secundario conjugado a
Alexa 488 (1:200; Life Technologies) e TO-PRO 3 (1:1000; Thermo Fisher Scientific),
para marcacdo do ndcleo, foram incubados a temperatura ambiente por 1 hora. As
imagens foram coletadas utilizando microscopio confocal Zeiss LSM 510. A
especificidade da marcacdo do anticorpo primario foi feita omitindo sua utilizacdo no

chamado non-specific binding — NSB.

Imunohistoquimica

Cortes de 5 um de tecido hepatico humano e animal fixados em formol e
emblocados em parafina foram desparafinizados e a recuperacdo de antigeno foi feita
utilizando tampéo citrato (10 mM, pH = 6.0) contendo 0,6% de peroxido de hidrogénio.
O sistema de Deteccdo Novolink (Leica Biosystems) foi usado nas etapas subsequentes
como descrito anteriormente por FONSECA et al, 2018. Anticorpos primarios anti-
ITPR3 (1:100; Sigma), anti-PCNA (1:100; Abcam) e anti-5mC (1:400; Zymo Research)
foram incubados overnight a temperatura ambiente seguido de incubacdo com polimero,
para amplificacdo do sinal, por 40 minutos também a temperatura ambiente. DAB foi
usado para deteccdo do sinal. As imagens foram obtidas utilizando microscopio optico
(Zeiss). A quantificagdo das células positivas para ITPR3, PCNA e 5mC, foi avaliada por
um observador externo e um score de marcagao positiva foi utilizado: score 0 para 0 —
25% de células marcadas; score 1 para 25 — 50% das células marcadas; score 2 para 50 —
75% células marcadas e score 3 para 75 — 100% células marcadas. A utilizacdo das
biopsias humanas foi aprovada pelo Comité de Eticada UFMG pelo nimero de protocolo

71206617.8.0000.5149.



Sinalizacg&o de calcio in vitro

Hepatocitos isolados foram plaqueados em laminulas 22x22 cm revestidas com
colageno do tipo | (Sigma). Apos 2-4 horas para aderéncia, os hepatdcitos foram
marcados utilizando a sonda para calcio, Fluo-4/AM (Thermo Fisher Scientific) por 15
minutos a 37 °C sob atmosfera de 5% C0O2/95% O, em meio William contendo 10% de
soro fetal bovino, 50 unidades/mL de penicilina e 50 g/mL de estreptomicina. Em seguida
as células foram transportadas para o microscopio confocal onde foram mantidas sob
perfusdo de HEPES 1x (130 mM NaCl, 5 mM KCI, 1 mM MgSQs, 1,2 MM KH2POa4, 1,25
mM CaCl,, 5 mM glicose, 19,7 mM Hepes), pH 7,4. Os hepatocitos foram estimulados
com vasopressina, 100 nM (Sigma). Os dados foram plotados como

fluorescéncia/fluorescéncia basal x 100, como descrito por ECHEVARRIA et al., 2003.

Sinalizacgdo de calcio in vivo

Ap0s 0s sete dias de tratamento, 0s animais do grupo controle e tratados com 5°-
aza foram anestesiados utilizando uma mistura de cetamina (10%) e xilazina (5%) para
realizacdo de uma incisdo na regido abdominal. Apds exposicdo do figado, o lobo
esquerdo foi embebido com solucdo contendo a sonda para calcio, Fluo-4/AM, diluida
em salina por 5 minutos. Em seguida os animais foram levados ao microscopio confocal
e as células foram estimuladas com vasopressina 100 nM (Sigma) administrada por via
endovenosa. Hepatocitos presentes na area abrangida por 2 vezes o valor do diametro da
veia central foram considerados como hepatocitos da regido pericentral. Os hepatocitos
externos a essa area foram considerados como hepatdcitos periportais. Os dados foram

plotados como fluorescéncia/fluorescéncia basal x 100, como descrito por



ECHEVARRIA et al., 2003. Os sinais nucleares de calcio foram avaliados como

mostrado na FIGURA 3.

FIGURA 3. Esquema de analise dos sinais nucleares de calcio in vivo. As analises de célcio
nucleares foram feitas utilizando os ROIs (quadrados amarelos) na regido negativa da célula,
correspondente ao nlcleo das mesmas. As regifes 1 e 2 representam regides periportais e
pericentrais, respectivamente. A regido delimitada pelo quadrado azul e vermelho representa

uma amplificacdo das regides delimitadas pela area 1 e 2.

Hepatectomia parcial

Os animais foram anestesiados utilizando uma mistura de cetamina (10%) e
xilazina (5%) e aproximadamente 30% da massa hepatica foi retirada. Como controle,
animais do grupo Sham passaram por todo o processo cirdrgico sem qualquer retirada de
partes do figado. Os animais foram eutanasiados e pesados 24, 48 e 72 horas apds a
cirurgia. Os figados desses animais também foram pesados e utilizados para
imunomarcacao de Proliferating Cell Nuclear Antigen — PCNA, a fim de verificar a taxa

proliferativa, como anteriormente descrito. Hepatdcitos presentes na area abrangida por



2 vezes o valor do diametro da veia central foi considerado como hepatocitos da regido
pericentral. Os hepatdcitos externos a essa area foram considerados como hepatocitos

periportais.

Células HepG2 knockout para ITPR3

O sistema disponivel comercialmente CRISPR/Cas9 (Santa Cruz Biotechnology)
foi usado para realizar o knockout do gene de ITPR3 em células HepG2 (células de
linhagem de CHC humano). Resumidamente, as células foram co-transfectadas com duas
construcdes de plasmideo: uma contendo o RNA guia (JRNA) especifico para ITPR3 e
uma sequéncia que codifica mCherry (fluorescéncia vermelha), e um outro plasmideo
contendo a sequéncia que codifica a nuclease Cas9, juntamente com uma sequéncia que
confere resisténcia a puromicina. Apds 2 semanas, por meio de citometria de fluxo, as
células foram submetidas a separacdo utilizando a marcacdo vermelha e mantidas em
cultura sob selegdo de puromicina (1 pg/mL). Ap6s expansao da cultura a delegdo do gene
para ITPR3 foi confirmada por gPCR e Western Blotting. As células que expressam o
ITPR3 (HepG2 WT) foram cultivadas em Dulbecco Modified Eagles Media (DMEM)
suplementado com L-glutamina (1mM), soro fetal bovino (10% v/v) e
Penicilina/Estreptomicina (100 Unidades/mL e 100 mg/mL) a 37 °C em atmosfera imida
contendo 5% de COz. As células que ndo expressam o ITPR3 (HepG2 ITPR3 KO) foram
mantidas nas mesmas condigdes acrescidas de puromicina (1 pg/mL), como forma de

selecdo.

Apoptose



Células HepG2 WT ou ITPR3 KO foram tratadas com DMSO (controle),
estaurosporina (5 uM) ou etoposideo (10, 25 e 50 uM) por 16 horas seguida de avaliagao
de apoptose por atividade das caspases 3 e 7 e por marcacdo com Anexina V. Atividade
de caspase 3/7 foi avaliada utilizando a quimiluminescéncia do kit Caspase-Glo 3/7
(Promega). As células controles e tratadas com estaurosporina foram marcadas com
Anexina V conjugada com FITC e as células positivas para essa marcacdo foram contadas
utilizando citometria de fluxo. O resultado esta expresso como % de célula positiva em

relacdo ao numero total de célula.

Co-localizacéo de ITPR3 e mitocdndria

Células HepG2 WT foram co-transfectadas com ITPR3-GFP e um marcador de
membrana externa de mitocondrias, mKO2-TOMM20. Imagens foram obtidas utilizando
microscopio confocal (Zeiss) e a colocalizacdo entre ITPR3 e mitocdndria foi calculada

utilizando o software Image J.

Analise estatistica dos dados

O software GraphPad Prism foi utilizado para a analise estatistica dos dados. Os
testes estatisticos utilizados foram o t-Test e one-way ANOVA seguido pelo pds-teste

Bonferroni. p < 0.05 foi considerado como estatisticamente significativo.



RESULTADOS E DISCUSSAO



RESULTADOS E DISCUSSAO

O carcinoma hepatocelular (CHC) é a terceira causa de morte entre os tipos de
cancer (JAMAL et al., 2011). O CHC deriva de um contexto de doenca hepatica crénica,
como por exemplos a infeccdo pelo virus da hepatite C e o consumo crénico de élcool
(EL-SERAG et al., 2012). Assim, vérias doencas hepéticas predispdem ao surgimento do
CHC e vérias vias moleculares vem sendo estudadas para propor a patogénese dessa
doenca, porém nenhuma via comum foi identificada. O ion célcio (Ca?*) regula varias
funcdes celulares, incluindo varias etapas importantes para o crescimento do tumor, como
a proliferacdo celular (RODRIGUES et al., 2007 e GOMES et al., 2008) e apoptose
(BONONI etal., 2017 e KUCHAY etal., 2017). No figado, os ITPRs sdo 0s Unicos canais
intracelulares de Ca?*, sendo que nos hepatdcitos saudaveis as Gnicas isoformas
encontradas sdo as ITPR1 e ITPR2. O ITPR3 é expresso em quantidades insignificantes

em condicOes fisioldgicas, porém é expresso em linhagens de tumor hepético (Figura 4).



FIGURA 4. Expressdo de receptores de Inositol 1,4,5-trifosfato em células hepéticas. Os
receptores de Inositol 1,4,5-trisfosfato (ITPR) sdo os Unicos canais intracelulares de calcio
expresso no figado. Em condig¢fes normais, os hepatdcitos expressam a isoforma 1 (ITPR1) e
isoforma 2 (ITPR2). A isoforma 3 (ITPR3) é expressa em quantidades insignificantes nos
hepatdcitos saudaveis e passam a ser expressos em linhagens celulares de carcinoma
hepatocelular humano, como por exemplo SKHepl, HepG2, Huh7 e HLE. Proteina de cerebelo,
células AR42J (pancreas) e RINm5F (pancreas) foram utilizadas como controle positivo para a
deteccdo de ITPR1, ITPR2 e ITPR3, respectivamente. GAPDH foi utilizado como controle do

loading de proteinas. Imagem representativa de trés experimentos independentes.

Expressdo de ITPR3 também foi observada em bidpsias humanas de CHC
proveniente de vérias etiologias, como infecgdo pelo virus HCB e HCV, consumo crénico
de alcool e non-alcoholic steatohepatitis (NASH) (Figura 5a e 5b), e observa-se que a

expressdo desse canal de Ca?* é restrita & area tumoral, ndo sendo expressa nos



hepatocitos da regido nao-tumoral (Figura 5¢ e 5d). A fim de se investigar qual a
relevancia clinica dessa expressdo diferencial de um canal intracelular de Ca?*,
parametros clinicos foram correlacionados com a expressao de ITPR3. Observou-se que
h& uma relacdo entre sobrevida dos pacientes e 0s niveis de expressao de ITPR3, onde
maiores niveis de expressao desse receptor nos tumores implicaram em uma menor
sobrevida dos pacientes durante o periodo de cinco anos e também no periodo livre da
doenca (Figura 5e e 5f). Observou-se também, utilizando o sistema TNM de estadiamento
dos tumores, sistema esse que leva em considera¢do o tamanhos dos tumores (T), 0
acometimento de linfonodos (N) e a presenca de metastase (M), que a expressao de ITPR3
€ maior nos estagios mais avancados da doenca, ndo havendo diferenca na expressao das

outras isoformas normalmente encontradas no figado, ITPR1 e ITPR2 (Figura 5g e 5h).

Para entender em qual momento da formacdo do CHC o ITPR3 passa a ser
expresso, avaliou-se a expressdo desse receptor em biopsias humanas em diferentes
estagios prévios ao desenvolvimento da doenca. Estégios fibroticos, estadiados de acordo
com a classificagcdo METAVIR, no qual sdo classificados como ausente (FO0), leve (F1),
moderada (F2) e severo (F3), cirrdtico (F4), e amostras tumorais relacionadas a infecgédo
pelo virus HCV foram marcadas para ITPR3. Como grupo para comparagao foram
utilizados pacientes com glicogenose (GSD — glicogen storage disease), uma doenca
cronica que raramente progride para tumor (BAERTLING et al., 2013). Observou-se que
ITPR3 ja é expresso em etapas que precedem o estabelecimento do tumor, e que essa
expressdao se mantém no tecido tumoral (Figura 5i e 5j). Nao se observou uma relagéo
entre a expressao de ITPR3 com a atividade inflamatoria nas amostras utilizadas (Figura

5K).
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FIGURA 5. ITPR3 é expresso em carcinoma hepatocelular humano e esté relacionado a um
pior progndstico. (a) Imunomarcacdo para ITPR3 em bidpsias humanas de CHC de diferentes
etiologias (infeccdo por HBV e HCV, NASH, DHA). Como controles da imunomarcacao, tem-se
a marcacao de ITPR3 na regido apical de colangidcitos e a ndo marcacdo quando se omite a
utilizacdo do anticorpo primério (negative control). Barra de escala: 20 um. (b) Quantificagéo
da imunomarcacéo de ITPR3 nas biopsias de CHC. Score de nimero de células positivas: 0 (0-
25% de células positivas). 1 (25-50% de células marcadas), 2 (50-75% de células marcadas) e 3
(75-100% de células marcadas) (n = 17 bidpsias controle e 33 bidpsias de CHC). (c) Marcagao
de ITPR3 na area tumoral e na area adjacente ndo tumoral (NAT), mostrando a especificidade
da expressdo deste canal de calcio em hepatdcitos tumorais. Barra de escala: 200 um. (d)
Quantificagcdo da imunomarcacao de ITPR3 nas regides tumorais e ndo tumorais (n = 20 bidpsias
em cada grupo). (e) Sobrevida em 5 anos de acompanhamento dos pacientes com CHC mostrou
que uma maior expressdo de ITPR3 se correlaciona com uma menor sobrevida do paciente.
Pacientes com niveis normais de expressdo de ITPR3 apresentaram em média 60.8 meses de
sobrevida (n = 332 pacientes), enquanto pacientes com niveis de ITPR3 aumentados no tumor
apresentaram sobrevida de 37,3 meses (n = 39 pacientes). (f) A sobrevida livre da doenca
apresenta perfil semelhante, paciente com niveis de ITPR3 normais apresentaram sobrevida de
23 meses e pacientes com niveis de ITPR3 aumentados, 10,4 meses de sobrevida. (g) Expressao
dos ITPR em figados controle e figados tumorais. Os dados foram obtidos por meio do acesso ao
banco de dados disponiveis em The Cancer Genome Atlas — TCGA. H& diferenga de expressdo
entre os grupos somente na isoforma 3 do canal de calcio ITPR (n = 23 controles e 72 pacientes
com CHC). TPM: transcript per million. (h) Estratificagdo da expressdo dos ITPRs de acordo
com os estagios de classificacdo utilizando o sistema de estadiamento TNM. Esse sistema leva
em consideragdo o tamanho dos tumores primarios, acometimento de linfonodos e presenca de
metastase. Quanto maior o estagio, pior o prognostico. Observa-se que o ITPR3 é mais expresso
no estagio Ill, ou seja, o CHC com pior prognostico. (i) Imunomarcacao de ITPR3 em estagios
antecedentes ao estabelecimento do CHC relacionado a infeccdo pelo virus da Hepatite C:
fibrose (n = 20 bidpsias), cirrose (n = 20 bidpsias) e tumor (n=20 bidpsias). ITPR3 nédo foi
detectado nas biopsias de GSD, mas a positividade da marcacédo nos colangiécitos (inserto)
comprova a qualidade da técnica de marcagdo. Barra de escala: 50 um. (j) Quantificagéo de
ITPR3 nos estagios de desenvolvimento do CHC em relacédo ao grau de fibrose presente nas
amostras relacionadas & infeccao pelo virus da Hepatite C. (k) Quantificacdo de ITPR3 em

relacdo a atividade inflamatdria. Valores expressos como média £ SD. * p<0.05.



Para validar os dados achados em amostras humanas, a expressao de ITPR3 foi
avaliada em um modelo murino de desenvolvimento do CHC. Uma unica dose de
dietilnitrosamina (DEN), composto quimico capaz de gerar mutacGes no DNA e assim
produzir tumores hepaticos, foi administrada em camundongos machos as 2 semanas de
idade (TOLBA et al., 2015). Seis meses ap0s o tratamento, ndo se observou marcacéao
positiva para ITPR3 no figado desses animais, assim como nos figados controles (Figura
6).No segundo tempo de avaliacdo, 9 meses apds a injecdo da droga, € possivel observar
uma alteracao da arquitetura hepatica com a presenca de alguns hepatdcitos positivos para
ITPR3 (marcacdo em marrom). Contudo, nenhum nodulo tumoral foi encontrado. 12
meses apos injecdo unica de DEN nodulos tumorais foram encontrados no figado dos
animais com marcacdo positiva para ITPR3 (Figura 6). Esses resultados corroboram em
modelo experimental os achados que apontam que a expressdo de ITPR3 é comum ao
CHC humano e que sua expressao precede o estabelecimento do tumor, além de se

correlacionar com um pior prognostico da doenca.
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FIGURA 6. Expressao de ITPR3 no desenvolvimento do carcinoma hepatocelular em modelo

murino. Imunomarcacdo de ITPR3 em figado de camundongo controle e figados de animais
tratados com uma Gnica dose de DEN. E possivel observar a auséncia de marcago no figado
controle e 6 meses ap0s o tratamento. Porém, 9 meses apés a injecdo da droga, € possivel
observar uma alteracdo da arquitetura hepatica e o aparecimento de células positivas para
ITPR3 (marcadas em marrom). Contudo, nenhum nddulo tumoral é observado nesse tempo de
analise. Os nodulos tumorais surgem aos 12 meses ap6s o tratamento com células positivas para

ITPR3. As imagens estdo em aumentos de 10x, 20x e 40x, como indicado na figura.

A regulacdo da expressao de ITPR3 ja foi alvo de varios estudos, sendo mostrado
que fatores de transcricdo como Nrf2 e NF-kB, e 0 micro RNA 506 (miR-506) atuam
regulando  negativamente a expressdo desse receptor em  colangiécitos

(WEERACHAYAPHORN et al., 2015; FRANCA e LIMA FILHO et al.,, 2019 e

DEN 12 months



ANANTHANARAYANAN et al., 2015). No entanto, ndo ha estudos mostrando fatores
que levariam ao aumento da expressao desse receptor. Sabe-se que, no processo de
tumorigénese, alteracGes da expressdo de genes podem ser causadas por modificacdes
epigenéticas (JONES et al., 1999; FEITELSON et al., 2002; EHERLICH, 2002). Através
de anélise bioinformatica foi possivel verificar que a regido promotora do gene ITPR3
humano apresenta varios sitios de metilacdo do DNA, as chamadas ilhas CpG (Figura
7a). Sabendo entdo que o DNA da regido promotora do ITPR3 é passivel de metilacéo e
que a presenca dessa regulacdo epigenética em promotores de gene pode suprimir a
expressdo do mesmo, avaliou-se os niveis de metilacdo do DNA em figados controles e
de pacientes com CHC. Utilizando os dados disponiveis no The Cancer Genome Atlas —
TCGA, foram avaliados 16 dominios dentro da regido promotora do gene ITPR3 humano
(Figura 7b). A anéalise mostra que os niveis de DNA metilado nos pacientes com CHC em
sua maioria sdo menores nos diferentes dominios analisados quando comparado com
grupo controle (Figura 7c). Essa diminuicao da taxa de metilacdo do DNA s6 é observada
para a isoforma 3 do ITPR, uma vez que as isoformas 1 e 2 do canal de Ca?* s30 expressas

nos hepatocitos em condicdes fisioldgicas (Figura 7d e Figura complementar 1).
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FIGURA 7. Metilacdo do DNA regula a expressdo de ITPR3 em humanos. (a) Porcentagem de
ilhas CpG na regido promotora do ITPR3 em células humanas. A linha pontilhada representa
50% de chance de se encontrar uma ilha CpG na respectiva regido do gene. As linhas superiores

e inferiores representam, 100 e 0% de possibilidade de ilhas CpG, respectivamente. (b) Esquema
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representando as 16 posi¢des dentro da regido promotora do ITPR3 que foram utilizadas para
avaliar os niveis de DNA metilado. (c) Niveis de metilacdo do DNA em figados controles (pontos
brancos, n = 23) sdo, em maioria, maiores que os encontrados nos figados de pacientes com
CHC (pontos pretos, n = 40), o que sugere que a expressdo de ITPR3 é regulada pela metilagdo
do DNA. (d) Niveis de metilacdo no DNA da regido promotora das trés isoformas do ITPR. Em
condigoes fisioldgicas, os hepatocitos expressam ITPR1 e ITPR2, por isso se observa nos
controles um maior nivel de DNA desmetilado para as regides promotoras destes canais para

Ca?*. Valores expressos como média + SD. * p<0.05.

A fim de se estabelecer a relacdo entre metilacdo do DNA e expressdo do ITPR3
em hepatdcitos e seu envolvimento na tumorigénese hepatica, biodpsias de diferentes
estdgios do desenvolvimento do CHC pela infeccdo crénica com HCV foram
imunomarcadas para deteccao de citosinas metiladas (5mC) nas ilhas CpG. Observou-se
que o numero de células marcadas para 5mC (ndcleo marrom) diminui a medida que a
doenca progride (fibrose > cirrose/tumor) (Figura 8a e 8b). Interessantemente, a marcagédo
de 5mC ¢ inversamente proporcional a marcacdo de ITPR3. Nas amostras em que ha uma
maior marcacgdo nuclear para o fator epigenético, GSD e fibrose, a imunomarcacao de
ITPR3 é ausente e/ou fraca. Ja na cirrose e tumor, onde encontramos uma alta marcacgéo
de ITPR3 (Figura 5i e 5j), 0 namero de nucleos positivos para 5mC é menor, evidenciando
que os receptores de InsPs do tipo 3 podem ser regulados pela metilacdo do DNA. O
mesmo evento é observado quando biopsias de cirrose e CHC relacionadas a outra

etiologia, a doenca alcoolica hepética (ALD) sdo imunomarcadas (Figura 8c e 8d).
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Figura 8. Analise da metilacgdo do DNA em amostras de carcinoma hepatocelular. (a)
Imunomarcacao de citosina metilada (5mC) em estégios anteriores ao estabelecimento do CHC
relacionado & infeccao pelo virus da Hepatite C. Barra de escala: 50 um. (b) Quantifica¢ao do
numero de ndcleos marcados nos estagios antecedentes e no CHC por infecgdo do virus da



Hepatite C. Score de numero de células positivas: 0 (0-25% de células positivas). 1 (25-50% de
células marcadas), 2 (50-75% de células marcadas) e 3 (75-100% de células marcadas). (c)
Imunomarcacao para ITPR3 e 5mC em cirrose e regido tumoral relacionada a Doenca Hepatica
Alcodlica (n = 15 amostras para cada estagio). Barra de escala: 50 . (d) Quantificagdo do
numero de células positivas. Como controle foi utilizado amostras de GSD, uma doenca hepatica
gue raramente evolui para CHC. Valores expressos como média = SD. * p<0.05 (em comparac¢ao

com GSD) e *<0.05 (em comparacéo com fibrose).

Para verificar a validade da relagéo entre desmetilagdo do DNA e expressao de
ITPR3 observados nos achados da analise de bioinformatica e das imunomarcagdes em
humanos, camundongos Swiss foram tratados por 7 dias com 5’-azacitidina (5’-aza), uma
droga sabidamente hipometilante do DNA por inibir covalentemente a DNA
metiltransferase, enzima que transfere o grupo metil (CH3) do S-adenosil-L-metionina
(SAM) para 0 DNA (ABDULHAQ & JAMES, 2007; GANGAT et al., 2016). O
tratamento com 5°-aza ndo alterou o peso dos animais (Figura 9a), mas, por se tratar de
um farmaco quimioterépico, atualmente utilizado no tratamento da leucemia, resultou em
uma diminuicdo da contagem de leucdcitos no sangue, processo esse conhecido como
leucopenia (Figura 9b). Contudo, a funcéo hepatica, avaliada pela mensuracédo de enzimas
hepaéticas, e a arquitetura tecidual do parénquima hepético estavam normais (Figura 9c-
99). Esses resultados sdo importantes para mostrar que os achados futuros do trabalho sdo
causados diretamente pela metilacdo, ou mais precisamente pela desmetilacdo do DNA,
e nao por fatores secundarios ao protocolo de tratamento aqui estabelecido, que poderiam
camuflar ou por em divida os resultados. O processo inflamatorio seria um exemplo de
interferente, uma vez que nesse evento bioldgico hd uma alteracdo na expressdo de genes
devido a acdo de fatores de transcricdo (PLATANITIS & DECKER, 2018). O proprio

ITPR3, em colangiocitos, tem sua expressdo diminuida pela agdo de Nrf2 e NF-kB,



fatores de transcricao envolvidos no processo inflamatorio (FRANCA e LIMA FILHO et

al., 2019 e ANANTHANARAYANAN et al., 2015; WARDYN et al., 2015).
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FIGURA 9. Tratamento com 5’-aza diminui a metilacdo do DNA na regido promotora do gene

para ITPR3 em camundongos, sem causar dano hepético. (a) Acompanhamento do peso
corporeo dos animais durante o tratamento com 5 ’-aza. (b) 5’-aza € uma droga quimioterapica
e desenvolve um quadro de leucopenia nos animais que receberam essa droga. Dosagem de
enzimas hepdticas no soro dos animais mostrando que o tratamento com 5°-aza nao causa danos
hepaticos: (c) fosfatase alcalina — ALP, (d) alanina aminotransferase - ALT, (e) aspartato
aminotransferase — AST e (f) gama glutiltransferase —GGT; n = 5 animais por grupo. (g)
Avaliacdo do parénquima hepatico utilizando a coloracdo pela hematoxilina e eosina. Pode-se
observar a preservacao dos corddes de hepatdcitos e auséncia de infiltrado inflamatdrio. Barra



de escala: 100 um. (h) Avaliagdo da metilacdo do DNA na regido promotora do ITPR3 em
camundongos. Apos o tratamento com 5°-aza, observa-se, entre a posi¢ao -338 e -529 na regido
promotora do ITPR3, um aumento das ilhas CpG desmetiladas (circulos brancos). (i)
Quantificacdo do nimero de ilhas CpG metiladas (nCpG) e ilhas CpG desmetiladas (CpG) na
regido promotora do ITPR3 em hepatdcitos de camundongos controle e tratados com 5 ’-aza (n=3

animais). Valores expressos como média = SEM.

Ap0s o tratamento com 5°-aza, por meio de sequenciamento do DNA, avaliou-se
a regido promotora do ITPR3 nos hepatocitos desses animais e constatou-se uma
diminuicdo dos numeros de ilhas CpG metiladas em relacdo ao grupo tratado com salina
(Figura 9h e 9i). Essa desmetilacdo do DNA na regido promotora do ITPR3 em
hepatocitos de camundongos levou a um aumento dos niveis de RNA mensageiros
(Figura 10a) e da expressdo dessa proteina (Figura 10b), eventos observados em
hepatocitos isolados. Observa-se um padrdo de expressdo de ITPR3 perinuclear e
reticular, padrdo caracteristico do reticulo endoplasmatico (Figura 10b). Separando as
fracdes protéicas citoplasmaticas e nucleares das células hepaticas desses animais apds o
tratamento, € possivel observar a presenca de ITPR3 em ambos os compartimentos
celulares (Figura 10c e 10d), evidenciando que ITPR3 é localizado, quando expresso, nao
somente no reticulo endoplasmatico, mas também no reticulo nucleoplasmatico. Ja na
analise da expressdo de ITPR3 no tecido hepatico, é observado uma expressdo
concentrada nos hepatécitos proximos da veia central (Figura 10e). Isso pode ser
explicado pela regionalizacdo das funcfes hepéticas, ou seja, hepatdcitos localizados na
regido pericentral sdo responsaveis pela metabolizagdo de drogas devido a uma maior
expressao de proteinas do citocromo P450. Ja os hepatdcitos periportais, estdo envolvidos
na producdo e secrecdo de substancias, como albumina e fatores de coagulagdo
(HALPERN et al., 2017). A expressao de ITPR3, pos tratamento com 5°-aza, ndo alterou

a expressdo das outras isoformas do canal de Ca®*, fisiologicamente expressas nos



hepatocitos (Figura 10f e 10g). Juntos, esses resultados demonstram que a expresséo de

ITPR3 é regulada por metilacdo do DNA em hepatdcitos humanos e de camundongo.
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FIGURA 10. Desmetilacdo do DNA da regido promotora do ITPR3 libera sua expressdo em
hepatdcitos. (a) Niveis de RNA mensageiro para ITPR3 esta aumentado ap06s o tratamento com
5’-aza (n = 5 animais por grupo). (b) Expressdo de ITPR3 (verde) em hepatdcitos isolados apds
tratamento com 5’-aza. O padréo de expressao desse canal de célcio é perinuclear e reticulado,
indicando a sua localizac&o no reticulo endoplasmético. A especificidade da ligacao é dada pela
nao marcacdo no NSB. TO-PRO 3 (azul) foi utilizado para marcar o nucleo dos hepatdcitos.
Barra de escala: 10 um. (c) Western Blotting para ITPR3 nas fracfes citoplasmaticas e nucleares
de hepatdcitos ap6s o tratamento com a droga hipometilante do DNA. (d) Quantificacdo da
expressdo de ITPR3 nas fragoes citoplasmaticas, validadas pela expressdo de f-actina, e nas
fracBes nucleares, representadas e validadas pela expressao de Histona H3 (n = 3 animais, ou
seja, 3 fragdes citoplasmaticas e 3 fragbes nucleares de cada grupo). (e) Avaliacéo da expressao
de ITPR3 no lobo hepatico. Observa-se expressdo de ITPR3 nos hepatdcitos proximos a veia
central, e isso pode ser justificado pelo fato de que hepatdcitos dessa regido sdo responsaveis
pela metabolizagédo de farmacos. Nao se observa marcacao para ITPR3 evidente em hepatdcitos
proximos a veia porta. (n = 5 animais por grupo). (f) Western Blotting para os ITPR em
hepatdcitos isolados do grupo controle e tratados com 5’-aza. (g) Quantificacdo da expresséo de
ITPR em hepatocitos. Em situacdes fisioldgicas hepatdcitos expressam ITPR1 e ITPR2. ITPR3 s
passa a ser expresso ap0s desmetilagdo do DNA na regido promotora promovido pela
administragdo de 5’-aza (n = 5 animais por grupo). Valores expressos em média = SEM. *
p<0.05.

Por estar envolvida em varias funcdes celulares, a sinalizacio de Ca?* em qualquer
célula deve ser finamente modulada, para que nao haja problemas. Exemplo dessa fina
regulacdo foi descrita por Leite e colaboradores, onde os autores mostraram que a
regulacdo do Ca?* nuclear e citoplasmatico se da de maneira independente (LEITE et al.,
2003). Por isso, a juncéo entre quantidade, tempo, perfil e localiza¢io dos sinais de Ca?*
faz com que o mesmo ion regule funcdes diversas e seja considerado um segundo
mensageiro celular (NEWTON et al., 2016). No figado, o Ca®* regula fungbes como
proliferacdo/regeneracao e secre¢éo de sais biliares e outros fluidos. Como a desmetilacdo
do DNA na regido promotora do ITPR3 leva a expressdo de um canal de Ca?* adicional,

foi feita a avaliacdo da sinalizacio de Ca?* em hepatdcitos isolado de figado pos



tratamento com 5’-aza. Estimulando os hepatocitos com vasopressina (AVP), ndo foi
possivel observar diferenca entre o sinal de Ca?* de hepatdcitos controle e tratados com
5’-aza (Figura 11). Sabidamente o figado expressa receptores de vasopressina, ViaR,
receptores esses acoplados a proteina G e que quando estimulados pela ligacao do seu

agonista ativa a maquinaria intracelular de Ca** (AMAYA & NATHANSON, 2013).
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FIGURA 11. Sinalizacéo de calcio in vitro. (a) Imagens representativas do sinal de calcio em
hepatdcitos isolados do figado de animais controle e tratados com 5’-aza marcados com Fluo-
4/AM e estimulados com vasopressina (100 ng/mL). Barra de escala: 10 um. Perfil de sinalizac&o
de célcio no (b) nacleo e (c) citosol de hepatocitos isolados (n = 40 células). (d) Quantificacao
da amplitude dos sinais de célcio no ndcleo e citosol dos hepatécitos (n = 40 células por grupo).

Valores expressos como média + SD.



Considerando que o ITPR3 é expresso em hepatocitos pericentrais (Figura 10e),
no processo de isolamento se perde o local de origem da célula analisada durante o
experimento. Assim, a saida encontrada para uma correta avaliacio da sinalizaco de Ca?*
em hepatdcitos pericentrais foi a realizacdo do experimento in vivo, como realizada
anteriormente por FONSECA et al., 2018. Dessa forma, é possivel analisar os sinais de
Ca?* nos hepatdcitos da regido pericentral e periportal separadamente. Os estudos de Ca?*
in vivo demonstraram um maior sinal quando os hepatécitos expressam ITPR3 apos
estimulacdo com AVP (Figura 12a e 12b). Esse aumento do sinal é devido a maior
resposta dos hepatdcitos presente na regido pericentral, ou seja, que expressam ITPR3
(Figura 12c — 12e). E observado um pequeno aumento do sinal de Ca?* nos hepat6citos
periportais, mas ndo tdo amplo quanto ao observado nos hepatocitos pericentrais (Figura
12c, 12g e 12h). Devido a expressao de ITPR3 no nucleo dos hepatdcitos, os sinais de
Ca?* nesse compartimento celular também foram avaliados. Observou-se um aumento
dos sinais de Ca?* no nucleo das células que expressavam o ITPR3 tanto na regido
pericentral quanto na regido periportal (Figura 12f e 12i). Esses resultados mostram que
o receptor de InsPs do tipo 3, expressos em condi¢cOes de desmetilacdo da regido
promotora do gene ITPR3, sdo funcionais e alteram a sinalizacao intracelular hepatica de

Ca?*
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FIGURA 12. Sinalizagdo de célcio in vivo. (a) Perfil do sinal de calcio em hepatdcitos de
animais controle e tratados com 5’-aza. As células foram marcadas com Fluo-4/AM e
estimuladas com vasopressina (100 ng/mL). (b) Quantificacdo dos sinais de célcio nos
hepat6citos apds estimula¢do com vasopressina. Observa-se um aumento da amplitude do sinal
de calcio nos animais que expressam ITPR3 (n = 5 animais por grupo). (¢) Esquema
demonstrando como foi feita a andlise do sinal de Ca2+ nos hepatdcitos localizados nas areas
pericentral e periportal. Os hepatdcitos abrangidos por 2 vezes o valor do diametro da veia
central foram considerados hepatocitos da area pericentral. Os hepatécitos excluidos dessa area
foram considerados hepatdcitos periportais. (d) Perfil do sinal de célcio na regido pericentral.
(e) Quantificacdo da amplitude dos sinais de calcio na regido pericentral. Os hepatdcitos que
expressam ITPR3 apresentaram um sinal de calcio significativamente maior do que hepatdcitos
controle (n =5 animais). (f) Quantificagdo do sinal de calcio no nucleo dos hepatdcitos da regido
pericentral, mostrando um maior sinal de calcio nuclear na presenca de ITPR3. (g) Perfil do
sinal de célcio dos hepatdcitos periportais apos estimulo com vasopressina. (h) Quantificagéo do
sinal de célcio, ap6s estimulo com vasopressina, nos hepatocitos periportais (n = 5 animais). (i)
Quantificacdo do sinal de calcio no nucleo dos hepatécitos da regido periportal, mostrando um
maior sinal de célcio nuclear na presenca de ITPR3. Valores expressos como média + SEM. *
p<0.05.

Sabendo que alteracdes na sinalizagdo de Ca®* podem alterar funces celulares,
foram avaliados os efeitos fisiopatologicos da expressdo de ITPR3 no hepatdcito. Como
ja descrito, 0 Ca?* nuclear regula a proliferacdo de hepatocitos (AMAYA et al., 2014 e
RODRIGUES et al., 2007). Assim, avaliamos a capacidade regenerativa do figado apds
expressdao do ITPR3. Uma hepatectomia parcial (HP) de 30%, foi realizada nos animais
apos 7 dias de tratamento com o agente hipometilante do DNA ou salina. A capacidade
regenerativa do figado dos animais foi avaliada 24, 48 e 72 horas ap6s o procedimento
cirurgico. Observou-se que 48 horas ap6s a HP, o figado dos animais que expressavam o0
canal de Ca®* adicional apresentava uma maior regeneracio hepéatica, medida pela relacio
entre o0 peso do figado e o peso corpdreo (Figura 13a). Corroborando com esse achado, a

imunomarcacdo para Proliferating Cell Nuclear Antigen - PCNA, um marcador de



proliferacdo celular, mostrou-se aumentado no nicleo de hepatocitos que expressavam o
ITPR3 apods 48 horas da HP (Figura 13b e 13c). Como a expressdo de ITPR3 e a
sinalizacio de Ca?* se mostraram concentradas na regifo pericentral, investigou-se se
haveria uma maior proliferacdo dos hepatdcitos nessa regido. Porém, a proliferacdo dos
hepatocitos, avaliada pela imunomarcacdo de PCNA, se da de maneira homogénea pelo
I6bulo hepatico (Figura 13d). A proliferacdo dos hepatocitos de forma irrestrita,
independente da expressio de ITPR3 e de maiores sinais de Ca?" totais e nucleares, pode
ser explicada pelo fato de que os sinais de Ca®* sdo originados em células especificas no
figado, como descrito por Leite et al., em 2002. Reconhecidas como marca-passo
hepaticos, algumas células apresentam uma expressdo aumentada de receptores em sua
membrana, como por exemplo, receptores de AVP (V1aR), fazendo com que ativem a
maquinaria de Ca?* intracelular mais facilmente. O sinal de Ca?* gerado nessas células
sdo transmitidas as demais por meio de gap junctions, gerando um fenémeno de onda
(LEITE et al., 2002). Esse evento é importante ndo somente no figado, onde regula
funcGes como a secrecdo de glicose e bile, mas também no péncreas, favorecendo a
liberacdo de amilase (NATHANSON et al., 1999; ELISEO et al., 1998; CHANSON et
al., 1998). Assim, o maior sinal de Ca?* nos hepatécitos da regifo periportal, devido a
expressao de ITPR3, faz com haja uma proliferacdo celular aumentada em todo o I6bulo
hepético devido ao espalhamento da sinalizagdo de Ca?*. N&o houve variacbes na
expressdao das outras isoformas do ITPR que fisiologicamente sdo expressas nos
hepatocitos, ITPR1 e ITPR2. (Figura 14). Magnino et al., reportou um aumento na
expressao de ITPR2 pds hepatectomia utilizado ratos como modelo (MAGNINO et al.,
2000). No presente estudo, como descrito, ndo houve variagcdo na expressao da isoforma
2 do canal de Ca?*, que pode ser explicado pela utilizagdo de outra espécie animal na

conducéo dos experimentos.
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FIGURA 13. Expressdo de ITPR3 aumenta a capacidade proliferativa dos hepatdcitos. (a)
Relacdo peso do figado pelo peso corpéreo dos animais 24, 48 e 72 horas ap0s a cirurgia de
remocdo de 30% do figado (HP). Observa-se que ap6s 48 horas o figado que expressa ITPR3
apresenta uma capacidade regenerativa aumentada (n = 5 animais por grupo/tempo). (b)
Imunomarcacao para Proliferating Cell Nuclear Antigen — PCNA. Barra de escala: 100 um. (c)
Quantificacdo da marcacdo nuclear de PCNA, mostrando que ap6s 48 horas da HP ha uma
maior marcacao nos hepatocitos que expressam ITPR3, explicando a maior regeneracao nesse
tempo. (d) Como ITPR3 é expresso na regido pericentral, estratificou-se a quantificacdo de
PCNA para as regiGes pericentral e periportal. Porém n&o houve diferenca na proliferacdo entre

as regides. Valores expressos como média + SEM. * p<0.05.

Figura 14. Expressdo de ITPR1 e ITPR2 apds hepatectomia parcial. (a) Western Blotting para
as isoformas 1 e 2 do ITPR3 em fragdes totais do figado de camundongo SHAM, controle e
tratados com 5°-aza, 24, 48 e 72 horas ap6s hepatectomia parcial de 30%. (b) Quantificacdo da
expressdo de ITPR1 e ITPR2 apds hepatectomia. Nao houve variagdo da expressdo dos canais
de cdlcio no figado dos animais controle e tratados com 5’-aza quando comparados ao grupo
SHAM.

A proliferacdo celular pode também ser regulada pela apoptose, tanto no processo
de regeneracdo hepéatica (GUERRA et al., 2011) quando no processo de crescimento
tumoral (BONONI et al., 2017 e KUCHAY et al., 2017). Para avaliar o papel do ITPR3
no processo de apoptose, foi desenvolvida uma linhagem de CHC no qual o gene ITPR3
foi eliminado por meio da técnica CRISPR/Cas9 (ITPR3 KO). A eliminacdo da expressao
de ITPR3 foi avaliada por meio de Western Blotting e por meio da expressdo da proteina
vermelha fluorescente (mCherry) acoplada ao cassete de direcionamento CRISPR (Figura
15a). A liberacdo de Ca®" dependente de ITPR3 esti relacionada a morte celular por
apoptose (MENDES et al., 2005), e esse evento foi avaliado na linhagem de CHC
modificada, HepG2 ITPR3 KO. Primeiramente, a atividade de caspase3/7 foi avaliada
tratando as células com estaurosporina (STA), onde foi observado um aumento da

atividade de enzimas envolvidas no processo apoptotico nas células ITPR3 KO (Figura



15b). O mesmo resultado foi encontrado com a avaliacdo da porcentagem de células
marcadas para anexina V, um marcador de apoptose (Figura 15c). A atividade de caspase
3/7 também é maior em células ITPR3 KO quando tratadas com etoposideo, um outro
agente que estimula a apoptose (Figura 15d). Esses resultados sugerem que a expressao

de ITPR3 protege as células de CHC da morte celular por apoptose.

Buscando entender o mecanismo pelo qual o ITPR3 protege as células de CHC da
apoptose, e sabendo que a transmissdo de Ca®" do reticulo endoplasmatico para a
mitocdndria é capaz de modular a apoptose em varios tipos celulares (BONONI et al.,
2017 e KUCHAY et al., 2017), além ja ser descrito o papel de ITPR3 na transmisséo de
Ca2" preferencialmente para a mitocondria (MENDES et al., 2005), avaliou-se a co-
localizacdo entre ITPR3 e mitocondria. Utilizando plasmideos especificos para facilitar a
visualizagdo de ITPR3 e mitocdndrias, foi possivel verificar que a localizacao do ITPR3-
GFP esté distribuida pelo citosol em um padrdo reticular, como o esperado pelo fato desse
receptor ser expresso na membrana do reticulo endoplasmatico. Para identificar as
mitocondrias foi utilizado um marcador de membrana de mitocondria, mKO2-TOMMZ20,
que foi expresso em um padrao tubular, o que é comumente observado. Calculando a co-
localizacdo de ITPR3-GFP e o mKO2-TOMMZ20, foi possivel identificar que héa
aproximadamente 15% de sobreposicdo, sugerindo que o ITPR3 esta parcialmente
localizado na interface do reticulo endoplasmatico com a mitocndria (Figura 15e).
Hepatdcitos primarios isolados do figado dos animais controle e tratados com o agente
hipometilante do DNA, foram desafiados a um estimulo apoptotico com estaurosporina.
Observou-se que a expressdo de ITPR3, por desmetilagdo do DNA na regido promotora
do gene, confere aos hepatocitos uma resisténcia a apoptose, evento medido pela

clivagem de caspase 3 (Figura 15f e 15g). Com esse resultado, sugere-se que ITPR3



modula a apoptose quando expresso nos hepatocitos, regulando a transmissdo de Ca®*

entre o reticulo endoplasmatico e a mitocondria.
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FIGURA 15. A expressdo de ITPR3 torna as células de carcinoma hepatocelular resistentes a
apoptose. (a) Western Blotting confirmando a delecdo de ITPR3 nas células HepG2 e expressao
de mCherry (proteina fluorescente vermelha) mostrando a eficiéncia da técnica de delecdo de
ITPR3 por CRISPR/Cas9. (b) Tratamento com estaurosporina aumentou a atividade de caspase
3/7 em células HepG2 ITPR3 KO (n = 9). (c) Numero de células positivas para Anexina V, um
marcador para apoptose, € maior nas células que ndo expressam o ITPR3 (n = 4). (d)
Confirmando os resultados anteriores, a atividade de caspase 3/7 estd aumentada nas células
HepG2 ITPR3 KO quando tratadas com etoposideo, um indutor de apoptose (n = 4). (9)
Microscopia confocal mostrando a localizacdo de expressdo do ITPR3-GFP (verde) em células
HepG2 WT. Houve co-localizacao entre ITPR3 e mitocondria (vermelho) de aproximadamente
15%, mostrando que a expressdo desse canal para célcio pode regular a entrada do sinal
apoptotico, tornando a célula mais resistente a esse evento de morte celular. Barra de escala
superior: 5 um. Barra de escala inferior: 1 um. (f) Western Blotting da fragdo total de hepatdcitos
primarios isolados de animais controle e que expressam ITPR3. Apos o isolamento, as células
foram tratadas com estaurosporina e os niveis de caspase 3 clivada foram avaliados (n = 3
animais por grupo). (g) Quantificacao dos niveis de caspase 3 clivada apés o desafio apoptoético
por estaurosporina. Valores expressos como média + SEM. * p<0.05.

A importancia da apoptose mediada por ITPR3 esta emergindo como um tema
comum na biologia do cancer, embora o ITPR3 possa promover ou inibir a apoptose,
dependendo do tipo de tumor (BONONI et al., 2017; KUCHAY et al., 2017 e SZALAI
et al., 1999). Ja foi descrito que os ITPRs podem se ligar ao VDAC na membrana
mitocondrial externa via grp75, que forma uma ‘sinapse’ facilitando a transmisséo de
Ca?* do lumen do reticulo endoplasmatico para a mitocondria (BONONI et al., 2017 e
SZABADKAI et al., 2006). O excesso de Ca?* mitocondrial, por sua vez, desencadeia a
abertura do poro de transicdo de permeabilidade (SZALAI et al., 1999; ICHAS et al.,
1997 e GUERRA et al., 2011), com vazamento de conteudo mitocondrial para o citosol
e posterior inducdo de apoptose via formacdo do apoptossoma (LI et al., 1997). A
isoforma do tipo 3 do ITPR ¢é particularmente eficaz na modulagdo do Ca?* mitocondrial

e da apoptose (MENDES et al., 2005). No entanto, existe uma variabilidade na forma



com que o ITPR3 é modulado e afeta a apoptose entre os diferentes tipos de tumor. Por
exemplo, no melanoma, alteracGes na expressdo do ITPR3 foram atribuidas a perda do
supressor tumoral BAP1, que se liga e estabiliza o ITPR3. A perda de BAP1, portanto,
leva a perda de ITPR3, que por sua vez reduz os sinais apoptoticos de Ca* mitocondrial
(BONONI et al., 2017). No cancer de proéstata, a degradacdo do ITPR3 foi associada a
mutacdes no PTEN, gue normalmente competem com o FBXL2 para evitar que ele se
ligue e que degrade o ITPR3. Na auséncia de PTEN, ou na presenca de certas formas
mutantes, a degradacdo de ITPR3 é aumentada, o que leva a diminui¢do da apoptose
(KUCHAY et al., 2017). Um papel para o ITPR3 no cancer de célon também foi
demonstrado, e isso também tem sido relacionado ao efeito do ITPR3 na apoptose
(SHIBAO et al., 2010). Neste caso, 0 aumento da expressdo de ITPR3 em amostras de
cancer de cdélon foi associado a um aumento de metastase e diminui¢do da sobrevida do
paciente. A super expressdo de ITPR3 também foi associada a diminuicdo da apoptose
em uma linhagem de cancer de colon, enquanto o knockdown de ITPR3 levou ao aumento

da apoptose (SHIBAO et al., 2010).

Recentemente, o ITPR3 também foi relacionado a uma maior malignidade de
colangiocarcinoma. Fisiologicamente, colangidcitos, células que compBes os ductos
biliares e responsaveis pela dilui¢do da bile, expressam todas as isoformas de ITPR, sendo
a isoforma 3 a mais abundante (~80%) (SHIBAO et al., 2003). O estudo mostra um
aumento na expressao de ITPR3 tanto em biopsias humanas de colangiocarcinoma quanto
em linhagens celulares deste tipo tumoral. Ao suprimir a expressdo do canal de Ca®* por
meio de CRISPR/Cas9, foi observado uma diminuicdo da sinalizagdo nuclear de Ca®*
induzida por ATP (UEASILAMONGKOL & KHAMPHAYA et al., 2020). A
participacdo do Ca®" nuclear como um importante componente do desenvolvimento e

progressao de tumores foi reportada anteriormente em um modelo de cancer de mama



triplo negativo. No estudo em questdo, o bloqueio dos sinais nucleares de Ca?* foi
responsavel por uma diminuicéo da proliferacdo das células tumorais e impedimento do
crescimento do tumor por blogueio da angiogénese, mediada pela liberagcdo de CXCL-10.
Além disso, etapas determinantes para a progressao do tumor e formacgédo de metastases
também foram diminuidas (GUIMARAES et al., 2017). Assim, como reportado no
cancer de mama triplo negativo, a diminuicdo da sinalizaco nuclear de Ca?" nas células
de colangiocarcinoma, devido a supressao de ITPR3, reduziu a capacidade migratoria e a
invasividade celular, evidenciando uma maior malignidade as células que expressao

ITPR3 (UEASILAMONGKOL & KHAMPHAYA et al., 2020).

O presente trabalho encontrou resultados similares aos que ja foram descritos na
literatura a respeito de ITPR3: a expressao aumentada da isoforma 3 do ITPR no CHC
esta associada a diminuicdo da sobrevida do paciente e que a apoptose esta aumentada
quando o canal de Ca?* é deletado. N&o esta claro por que ITPR3 promove a apoptose em
certos tipos de malignidades, mas protege contra esse processo de morte celular em
outros. Uma possivel explicacdo é que os hepatdcitos normalmente ndo expressam
ITPR3, portanto, nessas células, os sinais de calcio mitocondrial sdo devidos
preferencialmente a isoforma ITPR1 (FERIOD et al., 2017). Como ITPR3 tem uma
afinidade menor do que ITPR1 para InsP3 (TU et al., 2005), é possivel que a expressao
de novo de ITPR3 permita que essa isoforma diminua a responsividade geral ao InsPz na
juncéo reticulo endoplasmatico-mitocondria, levando a diminuicdo da sinalizagdo de Ca?*

mitocondrial e apoptose.

A real funcdo de ITPR3 nos hepatocitos ainda ndo é muito esclarecido. O presente
trabalho aponta o canal de Ca?* como parte do complexo mecanismo de formag&o dos
tumores hepaticos. Porém, estudos recentes demonstraram um papel protetor do ITPR3

nos hepatocitos infectados pelo virus da Febre Amarela (LEMOS et al., 2020). A



expressdao de ITPR3 nos hepatocitos infectados pelo virus da Febre Amarela resulta em
efeitos bioldgicos idénticos ao descrito nesse trabalho; aumento da proliferacéo celular e
diminuicdo de apoptose, além de reduzir o acumulo de gordura nas células. Contudo,
células knockout (KO) para ITPR3 apresentou maiores taxas de morte celular e maior
acumulo de gordura pés-infeccdo, demonstrando que a expressao de ITPR3 é benéfica e
pode desempenhar um mecanismo protetivo aos danos agudos causados pelo virus da
Febre Amarela (LEMOS et al., 2020). Em um modelo de injaria hepatica por meio de
isquemia e reperfusdo, ITPR3 também passa a ser expresso nos hepatdcitos e tem seu
pico de expressdo tempos antes da queda das enzimas hepéticas relacionadas a dano,
como AST e ALT. O dano causado pela isquemia e reperfusdo em animais ITPR3 KO
figado-especifico sdo maiores quando comparado a animais selvagens, demostrando em
0 papel protetivo de ITPR3 em modelo de doenca hepética aguda (artigo em revisdo). O
préprio protocolo de inducdo de CHC por administracdo de DEN utilizado nesse projeto,
quando realizado nos animais ITPR3 KO figado especifico, foi inviavel devido a alta taxa
de mortalidade dos animais quando comparado ao grupo WT (dado ndo publicado),
evidenciando, em outro modelo experimental, a funcéo protetora do ITPR3. Mais estudos
precisam ser desenvolvidos para gerar um sélido conhecimento a respeito da biologia do

ITPRS.

O atual trabalho identificou o ITPR3, um canal intracelular de Ca%*, como parte
do complexo processo de formacao de tumores hepatico, sendo uma via comum a varias
etiologias. Esse receptor, que fisiologicamente ndo € expresso em hepatdcitos saudaveis,
passa a ser expresso ap0s demestilacdo do DNA da regido promotora do seu gene,
regulando processos como proliferacdo celular e apoptose. O aparecimento de ITPR3
precede o estabelecimento do tumor hepatico, ja sendo expresso em estagios fibroticos

finais e cirrdticos. Assim, o ITPR3 surge como um possivel biomarcador para a detec¢céo



de carcinoma hepatocelular. Em um contexto clinico, ao se detectar a expresséo de ITPR3
em biopsias hepaticas de pacientes cirréticos, cuidados deverdo ser tomados uma vez que
ha indicativo para o surgimento do CHC. Consultas médicas menos espacadas e exames
clinicos mais rotineiros, podem ser acOes a serem tomadas, a fim de se detectar

precocemente o tumor hepatico e dar inicio ao tratamento adequado.

A expressdo de ITPR3 se mantém nas células tumorais e entender qual o seu papel
nesse contexto se faz necessario para que novos conhecimentos bésicos sobre a biologia
do CHC possam ser gerados. Como o Ca?" sabidamente regula o crescimento e
desenvolvimento de tumores, além de etapas importantes para a formacéo de metastases,
entender a relacdo do ITPR3 no contexto do cancer de figado se faz necessarios, para que
se descubra novos alvos terapéuticos e vidas sejam salvas. Além disso, é descrito que as
células tumorais apresentam uma perda da diferenciacdo, passando a expressar
marcadores de pluripoténcia, como octamer-binding transcription factor 4 (Oct4), Sex
Determining Region Y-Box 2 (Sox2), Kruppel-like fator 4 (KIf4), c-Myc, Nanog e Lin28
(YIN et al., 2012). A perda da diferenciacdo dos hepatdcitos também pode ser explicada
pela baixa expressdo dos chamados Liver-enriched transcription fator (LETF), como o
HNF4a, evento que ocorre ja nas etapas precedentes ao estabelecimento do tumor e
responsavel por uma piora clinica dos pacientes (LIU et al., 2012; GUZMAN-LEPE et
al., 2018). Sabendo que uma das funces reguladas pela sinalizacdo de Ca®*,
principalmente pelo Ca®* nuclear, é a regulacio da transcricdo génica e que células
pluripotentes embrionarias humanas (hESC) e células pluripotentes induzidas (iPSC)
apresentam uma alta expresséo de ITPR3 (SYNNERGREN et al., 2011; TAKEISHI et
al., 2020 ), entender se e como esse canal intracelular, assim como toda a maquinaria de

Ca2* contribui para a manutencio da expressio dos marcadores de pluripoténcia e/ou dos



LETF podem ajudar na identificacao de alvos que futuramente poderao ser usados como

terapia, além de contribuir para a geracao de conhecimento basico.



CONCLUSAO



CONCLUSAO

Os resultados deste trabalho demonstram que a metilagdo do DNA na regido promotora
do gene, regula a expressdo de ITPR3 em hepatocitos, e que a desregulacdo desse
processo leva a expressdo desse canal de célcio. Essa expressdo de ITPR3 é um evento
comum observado em etapas anteriores ao desenvolvimento do CHC, independentemente
da etiologia. Quando expresso, o ITPR3 gera um sinal nuclear de proliferagéo celular e
um sinal citoplasmatico de prevencdo de apoptose, eventos celulares caracteristicos de
transformacéo celular e malignidade. Como resultado desses processos, ha um aumento
do namero de células, que é visto no processo de formacgédo do carcinoma hepatocelular e

em outros tipos de tumor.
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Figura complementar 1: Relacionada a Figura 7. Andlise da metilagdo do DNA na regido
promotora do gene ITPR1 e ITPR2. (a) Esquema representando as 8 posicbes dentro da regido
promotora do ITPR1 que foram utilizadas para avaliar os niveis de DNA metilado. (b) Niveis de
metilacdo do DNA em figados controles (pontos brancos) e em figado de pacientes com CHC
(pontos pretos). (¢) Esquema representando as 6 posi¢des dentro da regido promotora do ITPR2
que foram utilizadas para avaliar os niveis de DNA metilado. (d) Niveis de metilacdo do DNA em
figados controles (pontos brancos) e em figado de pacientes com CHC (pontos pretos). Valores

expressos como media £ SD. * p<0.05.
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Fonseca MC, Franca A, Florentino RM, Fonseca RC, Lima
Filho ACM, Vidigal PT, Oliveira AG, Dubuquoy L, Nathanson
MH, Leite MF. Cholesterol-enriched membrane microdomains are
needed for insulin signaling and proliferation in hepatic cells. Am J
Physiol Gastrointest Liver Physiol 315: G80—-G94, 2018. First pub-
lished February 22, 2018; doi:10.1152/ajpgi.00008.2018.—Hepato-
cyte proliferation during liver regeneration is a well-coordinated
process regulated by the activation of several growth factor receptors,
including the insulin receptor (IR). The IR can be localized in part to
cholesterol-enriched membrane microdomains, but the role of such
domains in insulin-mediated events in hepatocytes is not known. We
investigated whether partitioning of IRs into cholesterol-enriched
membrane rafts is important for the mitogenic effects of insulin in the
hepatic cells. IR and lipid rafts were labeled in HepG2 cells and
primary rat hepatocytes. Membrane cholesterol was depleted in vitro
with metyl--cyclodextrin (MBCD) and in vivo with lovastatin. In-
sulin-induced calcium (Ca®*) signals studies were examined in
HepG2 cells and in freshly isolated rat hepatocytes as well as in whole
liver in vivo by intravital confocal imaging. Liver regeneration was
studied by 70% partial hepatectomy (PH), and hepatocyte prolifera-
tion was assessed by PCNA staining. A subpopulation of IR was
found in membrane microdomains enriched in cholesterol. Depletion
of cholesterol from plasma membrane resulted in redistribution of the
IR along the cells, which was associated with impaired insulin-
induced nuclear Ca®* signals, a signaling event that regulates hepa-
tocyte proliferation. Cholesterol depletion also led to ERK1/2 hyper-
phosphorylation. Lovastatin administration to rats decreased hepatic
cholesterol content, disrupted lipid rafts and decreased insulin-in-
duced Ca®" signaling in hepatocytes, and delayed liver regeneration
after PH. Therefore, membrane cholesterol content and lipid rafts
integrity showed to be important for the proliferative effects of insulin
in hepatic cells.

NEW & NOTEWORTHY One of insulin’s actions is to stimulate
liver regeneration. Here we show that a subpopulation of insulin
receptors is in a specialized cholesterol-enriched region of the cell
membrane and this subfraction is important for insulin’s proliferative
effects.
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INTRODUCTION

The process of cell proliferation during liver regeneration is
mediated largely by several growth factors, which act through
specific receptor tyrosine kinases (RTKSs) to restore liver func-
tion after either liver damage or resection (13, 26). Insulin is
one of such growth factors, but the mechanism by which it
regulates cell proliferation is less well understood when com-
pared with hepatocyte growth factor (HGF) and epidermal
growth factor (EGF) (9). RTK-induced hepatocyte prolifera-
tion depends on increases in nucleoplasmic Ca>* (44), which is
mediated by inositol 1,4,5-trisphosphate (InsP3). This pathway
is activated when RTKs involved in cell proliferation translo-
cate from the plasma membrane to the nucleus to locally
generate InsPs and increase intracellular Ca?t (2, 18, 44, 47).

The mechanism by which the RTKs translocate to the
nucleus varies among the different growth factors. Transloca-
tion of the HGF receptor (c-met) to the nucleus depends on the
adaptor protein Gabl and importin 1 (18). In contrast, EGF
receptor (EGFR) internalization occurs in a dynamin/clathrin-
dependent manner (9), while the insulin receptor (IR) reaches
the nuclear compartment in a clathrin/caveolin-dependent
event (2). Even though the internalization pathways differ
among these receptors, at the plasma membrane each RTK is
suggested to be differentially associated with cholesterol-en-
riched membrane microdomains known as lipid rafts (42, 53,
68). Lipid rafts are dynamic assemblies of cholesterol and
sphingolipids in the lipid bilayer that can include or exclude
proteins to variable extents, working as signaling scaffolds for
a number of receptors (53). Association of IR to lipid rafts in
the membrane has been described in preadipocytes in which
these structures are essential for insulin-induced cell metabo-
lism (48). In addition, caveolae, which are a subtype of lipid
rafts, participate in the functioning and endocytosis of the IR
(2, 12, 55). Moreover, depleting caveolin in hepatocytes, the
major raft protein involved in the assembly of caveolae, sig-
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nificantly reduces translocation of IR to the nucleus and cell
proliferation (2). However, the effect of cholesterol depletion
on insulin-mediated Ca®" signaling and the importance of cell
membrane integrity for liver regeneration and insulin signaling
are so far unknown. Here we investigated the role of choles-
terol-enriched membrane microdomains in hepatocyte insulin
signaling and liver regeneration.

MATERIALS AND METHODS

Animals. Male Wistar rats (200 g) obtained from Centro de Bio-
terismo-Federal University of Minas Gerais (CEBIO-UFMG, Minas
Gerais, Brazil) were used for all studies. Animals were maintained on
a standard diet and housed under a 12-h light-dark cycle. All proce-
dures were approved by the Ethics Committee in Animal Experimen-
tation of UFMG and followed National Institutes of Health Guidelines
For The Care And Use Of Laboratory Animals.

Cells and cell culture. The liver cancer cell line HepG2 was
obtained from the American Type Culture Collection (ATCC HB-
8065). Cells were cultured at 37°C in 5% CO, in DMEM (Invitrogen/
Thermo Fisher Scientific, Carlsbad, CA) supplemented with 10% fetal
bovine serum, 1 mM sodium pyruvate, 50 units/ml penicillin, and 50
mg/ml streptomycin. Rat hepatocytes were isolated from livers of
male Wistar rats (200 g; CEBIO-UFMG). Briefly, livers from control
and lovastatin-treated animals were perfused with Hank’s A and then
Hank’s B medium containing 0.05% collagenase (Roche Applied
Science, Indianapolis, IN) and passed through a 40-pm nylon mesh
filter. Primary hepatocytes were cultured at 37°C in 5% CO»-95% O
in Williams” medium E (Invitrogen/Thermo Fisher Scientific, Carls-
bad, CA) containing 10% fetal bovine serum, 50 units/ml penicillin,
and 50 g/ml streptomycin and plated on collagen-coated coverslips
(50 pg/ml; BD Biosciences, San Jose, CA). Hepatocytes were used
4-6 h after isolation, as previously described (14). The round shape
of the cells is the proper and well-accepted morphology of this cell
type to study calcium and other intracellular signaling events in
hepatocytes in vitro. Hepatocytes viability was greater than 85%
assessed by trypan blue exclusion test.

To disrupt the cholesterol-bearing lipid rafts in vitro, hepatocytes or
HepG2 cells were incubated with 10 mM metyl-B-cyclodextrine
(MBCD) or (2-hydroxypropyl)-y-cyclodextrin (HYCD) for 45 min at
37°C (40, 46, 50). Control dishes were treated with culture medium
alone.

Detection of Ca?™ signals. Cells were loaded with 6 wM Fluo-
4/AM (Invitrogen, Grand Island, NY) for 30 min at 37°C in 5% CO..
Then, coverslips containing the cells were transferred to a custom-
built perfusion chamber on the stage of a Zeiss LSM 510 confocal
microscope. Nuclear and cytosolic Ca®>* signals were monitored in
individual cells during stimulation with 300 nM insulin, 100 nM AVP,
50 ng/ml EGF, or 100 ng/ml HGF (Sigma, St. Louis, MO) using a
X63, 1.4 NA objective lens, as previously described (14, 17, 18).
Changes in fluorescence were normalized by the initial fluorescence
(FO) and were expressed as (F/FO) X 100 (11, 29).

Imaging Ca®™ signaling in vivo. Control or lovastatin-treated rats
were starved for 6—8 h and then submitted to a surgical procedure for
in vivo liver imaging as previously described (32). All the experi-
ments were performed according to the circadian timing of the animal.
Then, livers were loaded with the Ca®>* probe Fluo-4/AM at 50 pM
in saline solution for 10 min by soaking the organ into a chamber
containing the probe. Careful preparation of the Fluo-4 AM dye, as
well as optimization of incubation time and temperature, were neces-
sary to ensure an optimal labeling of the organ. Ca>* signals were
detected and measured by time-lapse confocal microscopy (Nikon
Al). Insulin (600 nM) was injected intravenously during 2 min after
30 s of imaging, and changes in fluorescence were normalized by the
initial fluorescence (FO) and expressed as (F/FO) X 100. Another
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control group was constituted of nontreated animals injected with
saline instead of insulin (data not shown).

Immunobloting. HepG2 cells and primary hepatocytes were har-
vested as described, and protein content was quantified according to
Bradford protein assay. Whole cell protein lysate (25 pg) was sepa-
rated by 12% SDS-PAGE gel. For protein detection, specific primary
antibodies against IR (rabbit, 1:1,000; Abcam, Cambidge, UK), 3-ac-
tin (mouse, 1:1,000; Santa Cruz Biotechnology, Dallas, TX), Caveo-
lin-1 (rabbit, 1:1,000; Santa Cruz Biotechnology, Dallas, TX), ERK1/
2-pERK1/2 (mouse, 1:1,000; Abcam, Cambridge, UK) and AKT-p-
AKT (rabbit, 1:1,000; Sigma-Aldrich) were used. The primary
antibody incubation proceeded for 2 h at room temperature. After
being washed, blots were incubated with horseradish peroxidase-
conjugated specific secondary antibody (anti-mouse or anti-rabbit,
1:5,000; Sigma-Aldrich) at room temperature for 1 h. Immuno detec-
tion was carried out using enhanced chemiluminescence. Western blot
digital images (8-bit) were used for densitometric analysis in ImageJ
(National Institutes of Health, Bethesda, MD). In brief, the mean gray
value, expressed in arbitrary units for each band, was calculated by
subtracting the mean gray value of a region of interest in a background
area from the mean gray value of individual ROIs of identical
dimensions encompassing each individual band. To measure relative
phosphorylation of ERK1/2, cell protein lysates (25 pg/lane) were
separated in parallel in two gels. The first gel was used to probe for the
phosphorylated form of ERK1/2 (pERK1/2), and the second gel was
used to detect total ERK1/2 (ERK total). The relative expression of
pERK1/2 was then calculated by dividing the densitometric values of
pERK1/2 by those of ERK total. Western blot analysis was performed
with protein extracts from three independent experimental conditions.

Immunofluorescence. Confocal immunofluorescence was performed
as previously described (11). To microscopically visualize membrane
domains enriched with GM1, a marker of cholesterol-enriched mi-
crodomains, hepatocytes or HepG2 cells were plated onto coverslips
and incubated for 10 min with CTxB-Alexa 555 (1 g/ml) (goat, 1:250;
Cayman Chemical, Ann Harbor, MI), washed, and then incubated for
10 min with anti-CTxB antibody for the same time for patching. After
being washed, cells were fixed with paratormaldehyde (4% in PBS) at
25°C for 20 min. Cells were then labeled with the specific primary
antibodies against c-met (mouse, 1:250; Abcam), EGFR (rabbit,
1:250; Abcam), or IR (rabbit, 1:250; Abcam) and subsequently
incubated with appropriate fluorescent secondary antibody conjugated
to Alexa 488 (1:5,000) (Invitrogen, Grand Island, NY). For Cav-1
labeling in tissue, liver sections from control and lovastatin-treated
animals were fixed in 10% neutral buffered formalin and embedded
in paraffin. Five-micromolar tissue sections were dewaxed, and
antigen retrieval was performed in citrate buffer containing 0.6%
hydrogen peroxide. Then, sections were incubated overnight anti-
Cav-1 (rabbit, 1:200; Santa Cruz Biotechnology, Dallas, TX) and
subsequently incubated with a specific secondary antibody conju-
gated to Alexa 555 (Invitrogen, Grand Island, NY). Images were
obtained using a Zeiss LSM 510 confocal microscope using a X63,
1.4 NA objective lens. Single slices were collected with a length of
0.2 pm. Z-stacks were reconstructed from a 30-slice image. At
least 20 slices from 30 cells of each group were individually
analyzed in different regions of interest at the cell membrane.
Fluorescence intensity of each slice and channel were quantified
using ImageJ (National Institutes of Health).

MTT assay. MTT assay is widely used for measuring the metabolic
activity of cells based on their reduction potential. Studies in mam-
malian cells showed that the reduced pyridine nucleotide cofactor
NADH is responsible for most MTT reduction (4). Therefore, to
perform the assay, 10* HepG2 cells were seeded per well in a 96-well
plate with 200 pl of DMEM containing 10% FBS, 1% antibiotic-
antimitotic and kept for 24 h. Cultured cells were exposed to 10 mM
MBCD or HYCD for 45 min. After the exposition period, the drugs
were removed and 60 pl of fresh medium were added in each well.
Then, 50 pl of 2H-tetrazolium (Thermo Fisher Scientific, Walthan,
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MA) solution (5 mg/ml) were added and the cells were incubated for
4 h. Afterwards, 40 pl of SDS solution/4% HCIl were placed and
incubated for 12 h. Absorbance was quantified at 595 nm in a
spectrophotometer. For each experimental condition, four different
measurements were taken.

Glucose quantification. Glucose content in the blood or media was
measured using an enzymatic colorimetric assay method (Analisa,
Belo Horizonte, Brazil), according to the manufacturer’s instructions.
Concentration was calculated through the equation: (standard concen-
tration/standard absorbance) X sample absorbance and expressed by
percentage of control (2).

Measurement of bromodeoxyuridine incorporation. Cell prolifera-
tion was measured by bromodeoxyuridine (BrdU) incorporation using
an enzyme linked immunosorbent assay (Roche Applied Science,
Indianapolis, IN), according to the manufacturer’s instructions.
HepG2 cells were plated in 96-well culture plates, starved for 24 h
after adhered, and then treated with MBCD or HyCD for 45 min. Cells
were then treated with 10% serum or different concentrations of
insulin (300, 600, 1,200 nM) for 15 min, washed with PBS, and
subsequently incubated with BrdU labeling solution in serum-free
medium. BrdU incorporation was measured with a multiplate reader
after 16 h, as described previously (2).

Lovastatin treatment and partial hepatectomy. Animals were
treated intraperitoneally with saline solution or 15 mg-kg ™ !-day ! of
lovastatin solution during 14 days before partial hepatectomy (PH)
(5). The 70% PH was performed in adult male Wistar control and
lovastatin-treated rats, as described (2, 23). Animals continued to be
administrated with saline or lovastatin until the day of death. After 48
or 120 h of regeneration, livers were surgically removed and analyzed

Fig. 1. The insulin receptor (IR) is located in
membrane microdomains enriched in choles-
terol. A: representative confocal immunoflu-
orescence of a single confocal slice of the IR,
epidermal grwoth factor receptor (EGFR),
and c-Met receptors (each receptor was la-
beled in green at left) and GM1 ganglioside
labeled in red (middle) in HepG2 cells.
Merged images show colocalization of IR
and EGFR with GM1 but not c-Met with
GM1 (right). B: quantification of fluores-
cence intensity on regions of interest, as
represented by the tiny white squares in A.
Superposition of the peaks indicates colocal-
ization of green and red structures. (At least
20 slices from 30 cells of each group were
individually analyzed). C: single confocal
plane images of rat hepatocytes labeled for
IR in green and GM1 in red (fop) and z-stack
images of the same cells (bottom). Merged
images show colocalization of IR with GM1.
D: high-resolution images of 3 regions of
interest showing colocalization of green (IR)
and red (GM1) structures. E: quantification
of fluorescence intensity on delimited mem-
brane regions of interest selected from sev-
eral single slices of the merged images rep-
resented on D (representative small squares).
Superposition of the peaks indicates colocal-
ization of green and red structures. (At least
20 slices from 30 cells imaged of each group
were individually analyzed). Scale bar =
10 uM.
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for measurement of liver/body weight ratio and cell proliferation
index. Livers of nontreated and nonhepatectomized animals subjected
to surgical stress (sham) were considered as controls.

Quantification of serum and liver cholesterol. Liver samples were
collected during hepatectomy and submitted to lysis for 1.5 hin a 4°C
ice-cold buffer solution containing 100 mM Tris-HCI (pH 8.0), 150
mM NaCl, 2 mM MgCl,, 1% Triton X-100, 5 mM iodoacetamide,
0.025% NaN3, 1 mM PMSF, 1 mM di-isopropylfluorophosphate, and
0.02 U/ml of aprotinin, with gentle stirring. Then, lysates were
submitted to the Folch lipid extraction method, as described previ-
ously (14). For serum cholesterol analysis, blood samples were
collected previously to the hepatectomy surgery, centrifuged and also
submitted to Folch lipid extraction (14). Dried nonpolar lipids were
subjected to cholesterol quantification using an Amplex Red Choles-
terol Assay Kit (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions.

Immunohistochemistry. Sections from sham, control, and lovasta-
tin-treated animals’ livers were fixed in 10% neutral buffered formalin
and embedded in paraffin. Sections of 5pum were dewaxed and antigen
retrieval was performed in citrate buffer containing 0.6% hydrogen
peroxide. Nonspecific binding was blocked with 10% normal goat
serum. Then, liver sections were immunostained with PCNA antibod-
ies (1:50; DAKO Corporation, England, UK) or anti-insulin antibody
(1:100, Abcam, Cambridge, UK) for 2 h at room temperature. After
being washed in Tris-HCI buffer, sections were incubated for 30 min
at room temperature with the byotinylated Link Universal Streptavi-
din-HRP (DAKO). The reactions were revealed by applying 3,3'-
diaminobenzidine in chromogenic solution (DAKO). Sections were
mounted in Hydromount (Fisher Scientific, Leicestershire, UK). Con-
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trols in which primary antibodies were omitted showed no specific
staining. Histological images were obtained on a micro-camera
(Olympus Q-color 5) coupled to a light microscope (Olympus BX43),
captured with a plan-apochromatic objective (X20), and analyzed
with Image-Pro Plus 4.5 (Media Cybernetics). To evaluate prolifera-
tion pattern, slice fields were randomly selected and a binary image
was created to perform automatic quantification of positive PCNA
nuclei.

Statistics. Results are expressed as mean values = SD. Prism
(GraphPad, La Jolla, CA) was used for data analysis. Groups of data
were compared using Student’s z-test or one-way ANOVA (which
was used because data sets included only one independent variable)
followed by Bonferroni posttests, and P < 0.05 was taken to indicate
statistical significance.

vy

Fluorescence

RESULTS

23150 The IR resides in cholesterol-enriched membrane microd-
E §100 omains. Insulin regulates multiple effects in the liver, including
;-; 50 metabolism and hepatocyte proliferation (2, 37). It has been
S8 . suggested that membrane integrity and spatial localization of

the IR in the plasma membrane are key regulators of insu-
lin-mediated signaling events (63). Therefore, to investigate
whether the IR is associated with cholesterol-enriched mem-
brane domains, primary rat hepatocytes and HepG2 cells were
F stained for IR and the lipid raft marker GM1 and visualized by
confocal microscopy. We observed that IR colocalizes with
GM1 in both cell types (Fig. 1, A and C, fop, and D). The peak
of fluorescence emission intensity for IR and GM1, captured in
a 0.2 pm-single-slice image, confirmed the close proximity of
IR with GM1-enriched membrane microdomains (Fig. 1B, top
left, and E). Besides insulin, other growth factors such as EGF
and HGF are well known to regulate proliferation in hepato-
cytes (37). In addition, the EGF receptor is also localized to
these membrane domains in different cancer cell lines (27, 30,
63, 67). However, less is known about the membrane location
of EGFR and c-met in hepatocytes. We observed that, similar
to the IR, EGFR colocalizes with GM1-enriched membrane
Hepatocytes H area, while c-met does not (Fig. 1A, middle and bottom, and
Fig. 1B, top right for EGFR and bottom for c-met). Therefore,
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Fig. 2. Metyl-B-cyclodextrin (MBCD; 10 mM) treatment efficiently disrupts
the lipid rafts without compromising cell viability. A: control and MBCD (10
mM)-treated HepG2 cells were labeled with CTxB to identify the lipid rafts.
Regions of interest (ROI 1 and 2) show a zoom of the GM1 labeling in certain
membrane areas. B: quantification of fluorescence intensity of A [control cells:
98.65 * 4 arbitrary units (a.u.) vs. MBCD-treated cells: 58.8 * 3.7 a.u.; *P <
0.05; n = 159 cells analyzed for each group]. C: bright-field images of MTT
assay show cellular viability of control, MBCD, and (2-hydroxypropyl)-y-
cyclodextrin (HYCD)-treated cells. D: quantification of MTT assay in C. 1%
Triton was used as a positive control of the technique (control: 100 = 0%;
Triton-X: 19.63 * 0.4%; MBCD: 97.41 = 2.3%; HYCD: 102.2 = 0.7%; *P <
0.05; n = 3 individual experiments). E: Z-stack of control and MBCD-treated
HepG2 cells immunostained for the insulin receptor (IR) (green). F: quantifi-
2.0 ns cation of delimited (yellow traces) cell area covered with IR in HepG2 cells
(n = 55 cells of 3 different experiments for each group were analyzed). G:

Area fraction
covered with IR (%)

— MICD 10mM Control

B-actin s \wmmw 42kDa

£
$; :z T Z-stack of control and MBCD-treated hepatocytes immunostained for IR
s' < - (green). H: quantification of delimited (yellow traces) cell area covered with IR
= 05 in hepatocytes (n = 55 cells of each 3 different experiments were analyzed;
0.0 N & *P < 0.05; values expressed as means * SD). I: immunoblots for IR shows
éé° & that there is no difference in the expression of IR between control and
([ 00\ MBCD-treated HepG2 cells (control: 1.25 = 0.27 vs. MBCD: 1.53 = 0.11;

N n = 3 individual experiments). The values indicate the means = SD. *P <
0.05, difference between groups was statistically significant; ns, not significant.
Data were analyzed by one-way ANOVA followed by Bonferroni posttests.
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Fig. 3. Disruption of lipid rafts abolishes intracellular calcium
signaling induced by insulin. A: confocal images of HepG2 cells
loaded with Fluo-4/AM (6 wM) and stimulated with insulin
(300 nM). A and D: control (A) and metyl-B-cyclodextrin
(MBCD)-treated cells (D) were analyzed. Images were pseudo-
colored according to the scale shown at bortom. Scale bar = 10
pm. B and E: observe that MBCD treatment nearly abolished
the amplitude of Ca** signaling. Graphical representation of the
fluorescence increase in the nucleus (blue traces) and cytosol
(red traces) of a control (B) and an MBCD-treated cell (E),
stimulated with insulin, pointed with an arrow. C and F:
summary of insulin stimulation studies. G and J: confocal
images of hepatocytes loaded with Fluo-4/AM (6 pM) and
stimulated with insulin (300 nM). Control (G) and MBCD-
treated hepatocytes (J) were analyzed. H and K: Graphical
representation of the fluorescence increase in the nucleus
(blue traces) and cytosol (red traces) of a control (H) and an
MCBD-treated cell (K) stimulated with insulin. 7 and L:
summary of insulin stimulation studies (HepG2: control
nucleus = 221.3 £ 12%, control cytosol = 164 = 5%; n =
at least 50 cells for each condition; hepatocytes: control
nucleus = 142.3 £ 2%, control cytosol = 58 *= 2,2%; n = at
least 50 cells for each condition. Values are means * SD of
the peak Fluo-4 fluorescence acquired during the observation
period, expressed as %baseline. *P < 0.01, difference be-
tween groups was statistically significant; ns, not significant.
Data were analyzed by one-way ANOVA followed by Bon-
ferroni posttests.
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Fig. 4. Calcium signaling induced by epidemral growth factr
(EGF) or hepatocyte growth factor (HGF) is not affected due
lipid rafts disorganization. A: confocal images of HepG2 cells
loaded with Fluo-4/AM (6 pM) and stimulated with EGF (50
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the degree of association between RTKs and cholesterol-
enriched domains at the plasma membrane varies among dif-
ferent receptors.

Disruption of lipid rafts redistributes the IR in hepatocytes
and impairs insulin-induced Ca*™* signaling. IR activation in
hepatocytes leads to InsPs-dependent nucleoplasmic Ca®™ sig-
naling that induces proliferation (2, 47). In 3T3-L1 preadi-
pocytes, inhibition of cholesterol biosynthesis disrupts lipid
rafts, which affects IR activation (48). Thereby, we tested
whether disruption of lipid rafts through cholesterol depletion
would affect insulin signaling in the liver. Cells were treated

A
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with 10 mM MBCD for 45 min. MBCD efficiently disrupted
GMI1-enriched microdomains, as expected (46), observed by
the reduction of fluorescence intensity and change in the
pattern of cholera toxin labeling (Fig. 2, A and B). MBCD
treatment did not affect cell viability (Fig. 2, C and D).
Triton-X treatment was used as a positive control and treatment
with HYCD, an inactive analogue of MBCD (46), was used as
negative control (Fig. 2, C and D). A reduction in the cell
surface area labeled with IR was also observed (Fig. 2, E-H).
To exclude the possibility of IR sequestration by MBCD, we
performed Western blot of the cells after treatment with the
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Fig. 5. Cell proliferation induced by insulin is reduced and pERK1/2 levels are increased when lipid rafts are disrupted. A: bromodeoxyuridine (BrdU) uptake
in HepG2 cells before and after insulin (300, 600, and 1,200 nM, 14 h) stimulation. Ten percent of serum was used as additional positive control for cell
proliferation [0% serum = 100%, 10% serum = 176 * 12%, insulin (300 nM) = 135 * 8%, insulin (600 nM) = 146 * 8%, insulin (1,200 nM) = 157 * 8%);
n = at least 3 individual experiments in triplicate]. B: BrdU uptake in control and metyl-B-cyclodextrin (MBCD)-treated (45min) HepG?2 cells before and after
insulin (300, 600, and 1,200 nM, 14 h) stimulation. Ten percent serum and (2-hydroxypropyl)-y-cyclodextrin (HYCD) was used as additional positive and
negative controls, respectively, for cell proliferation [0% serum = 100%, 10% serum = 176 = 12%, MBCD + 10% serum = 110 £ 11%, insulin (300
nM) = 135 £ 8%, MBCD + insulin (300 nM) = 94.2 = 4.1%, insulin (600 nM) = 146 = 8%, MBCD + insulin (600 nM) = 85 * 6%, insulin (1,200
nM) = 157 = 8%, MBCD + insulin (1,200 nM) = 84 * 8%; n = 3 experiments in triplicate]. C and D: C and D: HepG2 cells (C) and rat hepatocytes (D)
(control, insulin stimulated, MBCD treated) were stimulated with insulin and pERK1/2 levels were evaluated by immunoblot. MBCD + insulin samples shown
in C and D were run on a separate gel. Densitometric analysis of the C and D, respectively, shows an increase on pERK1/2 levels in cells treated with MBCD
[HepG2: control = 0.29 = 0.03 arbitrary units (a.u.), insulin (300 nM) = 6.61 * 1.6 a.u.,, MBCD + insulin = 30.7 = 0.5 a.u.; hepatocytes: control = 9.3 * 1.5
a.u., insulin (300 nM) = 31.19 = 0.8 a.u, MBCD + insulin = 66.33 £ 9.4 a.u.; n = 3 independent experiments]. pERK and ERK blots shown in C and D are
from the same experiments for each sample analyzed. The values indicate the means = SD. *P < 0.01, difference between groups was statistically significant;
ns, not significant. Data were analyzed by one-way ANOVA followed by Bonferroni posttests.
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drug. As observed, this IR reorganization was not due to a
reduction of the total content IR in the cell, as demonstrated by
Western blot (Fig. 21).

To verify the relative importance of lipid raft integrity to
insulin-induced Ca>* signals, HepG2 cells and primary hepa-
tocytes were treated with MBCD (10 mM) for 45 min and then
stimulated with insulin (300 nM). HepG2 cells and primary
hepatocytes loaded with the Ca®*-sensitive dye Fluo-4/AM
were examined by time-lapse confocal microscopy under con-
trol and MBCD-treated conditions. Nuclear and cytosolic Ca®*
signals were monitored. In control cells, insulin induced a
transient Ca>" response (Fig. 3, A—C, for HepG?2 cells and Fig.
3, G-I, for hepatocytes). However, insulin-induced Ca** sig-
naling was abolished in MBCD-treated cells (Fig. 3, D-F for
HepG2 cells and Fig. 3, J-L, for hepatocytes). In contrast,
cholesterol removal did not alter the pattern of Ca>" signals
induced by either EGF or HGF (Fig. 4). Together, these results
provide evidence that lipid rafts are important for proper
insulin-induced Ca®* signaling in particular in hepatocytes.

Removal of membrane cholesterol impairs insulin-induced
cell proliferation. The increase in nuclear Ca®* triggered by
insulin stimulates liver growth (2). Therefore, we investigated
whether disruption of lipid rafts affects cell proliferation.
HepG2 cells were synchronized in GO by serum withdrawal
and treated with MBCD for 45 min, and then, bromodeoxyu-
ridine (BrdU) incorporation was measured. Insulin (300, 600,
and 1,200 nM) and 10% fetal bovine serum each induced
significant increases in BrdU uptake when compared with
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unstimulated control cells, as expected (Fig. 54). However, BrdU
uptake was reduced in cholesterol-depleted cells, relative to insu-
lin-stimulated control cells. HYCD was used as a negative control,
showing the specificity of cholesterol removal for the reduction in
insulin-induced cell proliferation (Fig. 5B). Additionally, ERK1/2,
a MAPK kinase protein involved in the regulation of cell prolif-
eration, was highly phosphorylated in HepG2 cells and primary
hepatocytes pretreated with MBCD and then stimulated with
insulin in comparison to control cells (Fig. 5, C and D). This
finding is consistent with the previous observation that hyperphos-
phorylation of ERK1/2 inhibits cell proliferation (7, 38). Thus,
cholesterol removal impairs the hepatic mitogenic effects of in-
sulin. A role for lipid rafts in the more well-known metabolic
effects of insulin has already been demonstrated (21, 59). For
instance, in 3T3-L1 adipocytes in which lipid rafts were disrupted,
insulin-induced glucose uptake was diminished due to reduced
phosphatidylinositol 3-kinase (PI3K)-Akt/PKB activation, a path-
way that takes part in cell metabolism (21, 59). We therefore
evaluated whether glucose metabolism induced by insulin would
also be affected by disrupting lipid rafts in hepatocytes. We
observed a significant reduction in Akt phosphorylation in cells
previously treated with MBCD (Fig. 6, A and B). In addition,
MBCD-treated cells also exhibited diminished medium glucose
uptake (Fig. 6, C and D). These data collectively provide evidence
that membrane content of cholesterol plays a significant role for
the proper regulation by insulin of glucose metabolism as well as
cell proliferation in hepatocytes.

A HepG2 B Hepatocytes
MBCD MBCD
Control Insulin + Insulin Control Insulin + Insulin

60kDa == == &% % pAKT 60kDa
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Fig. 6. The glucose uptake induced by insulin is re-
duced in cells treated with metyl-B-cyclodextrin
(MBCD). A and B: HepG2 (A) and hepatocytes (B)
(control, insulin stimulated, MBCD treated) were incu-
bated with insulin for 15 min, and pAKT levels were
evaluated by immunoblot. Densitometric analysis of
the A and B, respectively, shows a decrease on pAKT
levels in cells treated with MBCD [HepG2: con-
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trol = 0.16 £ 0.01 arbitrary units (a.u.), insulin (300
nM) = 1.09 = 0.13 a.u.,, MBCD + insulin = 0.56 *
0.06 a.u.; hepatocytes: control = 0.80 = 0.19 a.u., in-
sulin (300 nM) = 2.6 £ 0.40 a.u., MBCD + insulin =
0.84 = 0.6 a.u; n = at least 3 individual experiments).
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All samples shown in A were run on the same gel but
lanes were removed for final presentation. C and D:
quantification of glucose uptake in the culture medium
of HepG2 and hepatocytes for the control and MBCD-
treated group. Incubation with (2-hydroxypropyl)-vy-
cyclodextrin (HYCD) was used as a negative control
[HepG2: control = 100%, control + insulin (300 nM) =
50.93 = 7.2%, MBCD + insulin = 83.15 = 8.4%,
HYCD + insulin = 52.15 = 5.4%;hepatocytes: con-
trol = 100%, insulin (300 nM) = 80.91 £ 2.25%,
MBCD + insulin = 96.95 = 3.9%, HYCD + insu-
lin = 81.22 = 3.2%; n = 3 individual experiments].
The values indicate the means = SD. *P < 0.01,
difference between groups was statistically significant;
ns, not significant. Data were analyzed by one-way
ANOVA followed by Bonferroni posttests.
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Fig. 7. In vivo treatment with lovastatin reduces total
liver cholesterol and induces alteration on Cav-1 dis-
tribution and organization. A: in vivo experimental
design. B: daily weight along the experiment (n = 5
animals each group). C: analysis of total cholesterol
content of serum (left) and liver (right) samples from
control and lovastatin-treated animals (serum-control
animals: 239 = 14 mg/dl vs. lovastatin animals:
213 * 28 mg/dl; liver-control animals: 2.6 = 0.4 mg/g
of tissue vs. lovastatin-treated animals: 1.7 = 0.2 mg/g
of tissue; n = 5 animals, 3 samples each, per group). D:
immunofluorescence images of liver section from con-
trol and lovastatin-treated animals after 14 days of
lovastatin administration show a disruption in caveo-
lin-1 distribution and organization. Regions of interest
1 and 2 (ROI 1 and 2) are shown in right insets (n =
5 animals per condition). E: immunoblots of total liver
lysates. Graph at bottom represents densitometric anal-
ysis of IR in the liver after lovastatin treatment [control
animals = 1.57 = 0.01 arbitary units (a.u.) vs. lovas-
tatin-treated animals = 1.58 = 0.01; n = 5 animals per
group, in triplicate]. F: immunoblots of total liver
lysates. Graph represents densitometric analysis of
Cav-1 in the liver after lovastatin treatment (control
animals = 5.07 = 0.7 a.u. vs. lovastatin-treated ani-
mals = 10.8 £0.2; n = 5 animals per group). The
values indicate the means = SD. *P < 0.01, difference
between groups was statistically significant; ns, not
significant. Data were analyzed by one-way ANOVA
followed by Bonferroni posttests.

Lovastatin abolishes Ca?™
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signaling induced by insulin and
delays liver regeneration. To investigate the importance of
lipid rafts for hepatic insulin signaling in vivo, we used
lovastatin to inhibit HMG-CoA reductase, the major regulatory
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Fig. 8. In vivo treatment with lovastatin inhibits calcium
signaling induced by insulin on rat hepatocytes and on in
vivo intact liver. A and B: graphical representation of the
fluorescence increase in the nucleus (blue traces) and cyto-
sol (red traces) of a hepatocyte extracted from a control
animal (A) and lovastatin-treated animal (B) stimulated with
insulin (300 nM) and vasopressin (100 nM) (control nu-
cleus = 165.3 £ 2.5%; control cytosol = 124 = 1%; n =
50 cells from 3 animals per condition) (lovastatin nu-
cleus = 102.3 £ 3%; lovastatin cytosol = 124 * 2.6%; n =
50 cells from 3 animals per condition). C: graph showing the
ratio of insulin responsive hepatocytes/vasopressin respon-
sive hepatocytes from control and lovastatin-treated ani-
mals. Observe a reduced number of insulin responsive cells
on the lovastatin group (control = 1.1 % 0.3 cells vs. lova-
statin = 0.44 = 0.2 cells; n = 5 individual experiments per
group, 50 cells for each group). D: graphical representation
of the in vivo fluorescence increase of hepatocytes from the
liver of control animals (blue traces) and lovastatin-treated
animals (red traces) stimulated with insulin (600 nM) (n =
4 animals per group). E: summary of in vivo calcium
studies in the liver induced by insulin (control = 143 £ 3%
vs. lovastatin = 111 = 1%; n = 5 animals per group).
F: graph showing the percentage of insulin-responsive
cells of control and lovastatin-treated groups. Observe
the reduced number of responsive hepatocytes of the
liver from lovastatin-treated animals (control = 98 = 1%
vs. lovastatin = 20 = 4%; n = 5 animals and 5 fields
analyzed per group). G: confocal images of livers loaded
with Fluo-4/AM (6 uM), stimulated with insulin (600 nM)
and imaged in vivo. Images were pseudocolored according
to the scale shown at the bottom. Scale bar =40 pM.
Objective lens: X20. The values indicate the means = SD.
*P < 0.01, difference between groups was statistically
significant; ns, not significant. Data were analyzed by one-
way ANOVA followed by Bonferroni posttests.
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(Fig. 7, A-C). In addition, upon lovastatin treatment, Cav-1, a
well-known component of the lipid rafts in hepatocytes (16,
22), changed its labeling pattern (Fig. 7D) as well as increased
its expression level in the liver when compared with control
saline-treated animals (Fig. 7F). These observed modifications
were not accompanied by difference in the expression level of
the insulin receptor (Fig. 7E).

To determine the effect of lovastatin on insulin-induced
Ca?" signals, hepatocytes from control and lovastatin-treated
animals were isolated, loaded with Fluo-4/AM, and then ex-
amined by time-lapse confocal microscopy. Insulin-induced

A

LIPID RAFTS IN INSULIN SIGNALING AND LIVER REGENERATION

Ca’" signals were impaired in hepatocytes from the lovas-
tatin-treated animals, while vasopressin-induced Ca2" sig-
nals were not affected. To investigate whether lovastatin
abolishment of the Ca®>" signaling induced by insulin was
not due to the depletion of intracellular Ca>* stores, vaso-
pressin, another well-known intracellular Ca?" mobilizing
agonist in liver cells (41), was used to show the integrity of
the intracellular Ca?" store compartments. The ratio be-
tween insulin/vasopressin-responsive cells was also dimin-
ished in the lovastatin-treated group, when compared with
the control group (Fig. 8C).

Liver-to-body weight ratio (%)
O=NWhHhO

Fig. 9. In vivo treatment with lovastatin delays liver
regeneration. A and B: liver/body weight ratio in control
animals and subjected to lovastatin treatment after 48
[sham = 3.82 = 0.15%, partial hepatectomy (PH) 48-h
control = 2.6 £ 0.14% and PH 48-h lovastatin =
1.6 £ 0.09%; A] and 120 h (sham = 3.82 *= 0.16%, PH
120 h control = 3.6 = 0.01% and PH 120 h lova-
statin = 3.6 = 0.08%; B) of 70% partial hepatectomy
(n = 5 animals per condition). C: immunohistochemis-
try images of liver section from control and lovastatin-
treated animals 48 h (sham = 9.3 = 2.5%, PH 48-h
control = 35 = 7%, PH 48-h lovastatin = 20 * 5%)
and 120 h (sham = 9.3 = 2.5%, PH 120-h control =
13.2 £ 1.6%, PH 120-h lovastatin = 27.4 = 3.2%) af-
ter PH (n = 5 slices per animal and 5 animals per
group). PCNA staining in the nucleus (red arrows)
allows identification of proliferation cells in each group.
Scale bar = 50 pwm. Objective lens: X10. D and E:
quantification of PCNA-positive cells in control and
lovastatin-treated animals after 48 h (D) and 120 h (E)
of partial hepatectomy (n = 5 slices per animals and 5
animals per condition). *P < (.01, difference between
groups was statistically significant; ns, not significant.
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To determine whether lovastatin altered insulin-induced
Ca®* signals in vivo, Ca>* was measured in hepatocytes in
intact livers of control and lovastatin-treated rats. A prominent
reduction in the Ca®" signaling response to intravenous insulin
(600 nM) was observed in the livers of lovastatin-treated
animals (Fig. 8, D, E, and G; see also supplemental files S1 and
S2; supplemental material for this article is available online at
the Journal website). The number of insulin-responsive hepa-
tocytes in the lovastatin group was also reduced (Fig. 8F).
These findings show that disruption of lipid rafts decreases
insulin-induced Ca>" signaling in hepatocytes in vivo.

Hepatocytes have a unique capability to switch from a
quiescent to a proliferative state in response to a reduction in
cellular mass after surgical resection (13). The activation of
certain membrane receptors is crucial for this process. To
investigate the role of lipid rafts in liver regeneration, control
and lovastatin-treated animals were subjected to 70% PH.
Liver weight/body weight ratio was lower in lovastatin-treated
animals than in controls, measured 48 h after PH (Fig. 9, A and
B). No differences were observed between the groups 120 h
after PH. To complement these observations, PCNA staining
was performed in the liver slices of control and lovastatin-
treated animals. The number of PCNA-positive cells was
significantly greater in the control group than in the lovastatin-
treated group, measured 48 h after PH (Fig. 9, C and D). In
contrast, the opposite was observed 120 h after PH. Lovastatin-
treated animals had a higher number of PCNA-positive cells
when compared with the control group (Fig. 9, C and E). Since
insulin acts mainly in the first hours during the process of liver
regeneration (13, 37), we aimed to check the distribution of the
IR after 48 h of PH in liver slices of both groups. Although not
very striking, it can be noticed that the control group presents
an increased accumulation of the IR in the nucleus, which
stimulates cell proliferation (Fig. 104). On the other hand,
lovastatin-treated animals show IR mainly along the cell mem-
brane (Fig. 10A4). Taking together, these findings support the
idea that cholesterol membrane reduction that might cause
disruption of lipid rafts leads to impaired insulin signaling,
resulting in delayed liver regeneration.

DISCUSSION

This work suggests that membrane cholesterol removal im-
pairs insulin-induced Ca®* signals, which in turn contributes to
a reduced hepatic cell proliferation.

Liver regeneration after partial hepatectomy can be divided
into several phases (13, 37, 66). In the first 2 h after injury,
hepatocytes are activated to reenter cell cycle to proliferate.
Thereby, an intense proliferation of hepatocytes leads to the
restoration of much of the liver parenchyma during the follow-
ing 48 h. Finally, the regeneration process finishes with re-
placement of liver mass occurring mainly because of prolifer-
ation of preexisting hepatocytes rather than by the activation of
a progenitor cell compartment (10, 13). This entire process is
coordinated by growth factors, cytokines, hormones, and fac-
tors from the extracellular matrix, a number of which have the
ability to initiate and modulate the intracellular Ca®>* signals in
hepatocytes (2, 20, 24), including insulin.

Since its discovery, insulin has been described as an ana-
bolic hormone with a wide range of effects on cellular metab-
olism, inducing the uptake of glucose from the bloodstream, as
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Fig. 10. Insulin receptor (IR) changes its distribution after lovastatin treatment
followed by 70% hepatectomy. Immunohistochemistry images of liver sections
from sham, control and lovastatin-treated animals 48 h after partial hepatec-
tomy (PH). As can be seen immunohistochemistry, images never detect the IR
in the hepatocyte nucleus in sham and lovastatin-treated group (observe the
membrane concentration of IR) (fop and bottom) but occasionally detect it in
control animals (middle) 48 h after PH. Arrows: IR staining on cell membrane
or in hepatocyte nuclei; scale bar = 40 wm. Objective lens: X100.

well as stimulating synthesis and inhibiting the degradation of
glycogen, proteins, and lipids (57). In addition to these well-
known effects on metabolism, insulin plays an important role
in stimulating cell proliferation. Insulin-induced mitogenic
effects were first described nearly 100 yr ago (17) by obser-
vation of the effects of insulin addition to chicken fibroblasts in
culture. Multiple subsequent lines of evidence also point to
insulin as a potent mitogen, including for 3T3 cells (25), rat
hepatocytes, and hepatoma cells (2, 28), renal cell lines (60),
and melanoma cells (33) among others (reviewed by Ref. 57).
In the liver, insulin has strong metabolic (35, 49); revised by
Ref. 1) and mitogenic effects (2, 23, 36), having significant
functions during the process of hepatic regeneration through
the activation of its receptor, located in the plasma membrane.
Here we show that there is a close interaction between the IR
and the cholesterol-enriched membrane microdomains in liver
cells. As we clearly demonstrated here, HGF as well as EGF,
other important growth factors also involved in liver regener-
ation, do not depend on membrane cholesterol integrity to
trigger nuclear Ca®>* increase in hepatocytes and therefore cell
proliferation. In addition, we also showed that cholesterol
integrity at the plasma membrane level is important for the
insulin/IR pathway that triggers signaling events that culminate
in nuclear Ca" increase, known to be an absolute requirement
for insulin to regulate hepatocyte proliferation (2).

The metabolic actions of insulin in the liver are mainly
mediated by the PI3K-Akt/PKB pathway. Akt is activated at
the plasma membrane upon IR-mediated phosphorylation of
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PI3K (59). Previous studies have shown that when membrane
cholesterol is depleted in 3T3-L1 adipocytes, AKT phosphor-
ylation and glucose uptake are reduced (48). The current work
extends this concept by providing evidence that disruption of
cholesterol-enriched membrane microdomains due to choles-
terol removal impairs the metabolic effects induced by insulin,
as well as liver regeneration after PH.

Since its formulation more than 20 yr ago (6, 52, 54), the
lipid raft theory became a turning point regarding cell signal-
ing, especially with regards to membrane receptors. Treatment
with MBCD, which disrupts rafts due to cholesterol removal
(39, 40, 46), provides insights regarding how insulin signaling
is affected once lipid content of liver cell membranes is
modified. However, it is important to mention that although
treatment of cells with this cyclodextrin leads to a selective
extraction of cholesterol from the plasma membrane, hence
disrupting the lipid rafts, it may also impair the formation of
clathrin-coated endocytic vesicles (45). In addition, it was
previously showed that acute cholesterol depletion specifically
decreased the rate of internalization of transferrin receptor,
nevertheless, receptor trafficking back to the cell surface was
not affected (58). Thereby, the precise mechanism by which
cholesterol depletion with MBCD impairs insulin signaling is
still opened to further investigation.

It has been shown that a subpopulation of IR on the plasma
membrane is associated with caveolin-enriched membrane do-
mains (3, 15), but the functional significance of this has not
been clear. We showed that lovastatin treatment rearranged
caveolin organization on the cell membrane and led to an
overexpression of this protein. This may be due to ERK
activation, because there is a close cross talk between Cav-1
and ERK (19), in which phosphorylation of ERK leads to
upregulation of Cav-1 in hepatocytes (34). A relevant increase
in hepatic Cav-1 was also found in cirrhosis and chronic
alcoholic fatty liver (51, 65), indicating its essential role for
cholesterol trafficking and lipid homeostasis (43, 55). In addi-
tion, although ERK activation is closely related to cell prolif-
eration, in the setting of chronically increased p-ERK, prolif-
erative activity becomes inhibited due to accumulation of
p2lcipl, an inhibitor of cell cycle entry (7, 38). Therefore,
besides contributing to Cav-1 overexpression, hyperactivation
of ERK also led to arrest of hepatocytes in the cell cycle
causing an impairment in cell proliferation.

Lovastatin is a potent inhibitor of HMG-CoA reductase,
which decreases cholesterol biosynthesis (reviewed by Ref.
62). In fact, we observed that animals treated with lovastatin
had a marked reduction in total cholesterol in the liver, without
weight loss. It is suggested that lovastatin may induce cell
cycle arrest in G; phase. This robust antiproliferative activity
remains intact in many cancer cells (64). Lovastatin is a potent
mitotic inhibitor in several cell types, including B-lympho-
cytes, glial cells, and mesangial cells (8, 56, 61). However, the
precise mechanism by which this drug is able to induce cell
arrest is not completely understood. Uptake of glucose in cells
treated with statins is also significantly reduced, which may
contribute to the antiproliferative effect of this drug (31).
Regarding liver cell proliferation, lovastatin reduced the size
and number of preneoplastic nodules in a model of chemical
carcinogenesis in rat liver (5). In addition, Ca®>" signals in-
duced by insulin, HGF, EGF, etc. in the liver are important for
hepatocyte proliferation (18, 44, 47). The current work pro-

LIPID RAFTS IN INSULIN SIGNALING AND LIVER REGENERATION

vides evidence that lovastatin impairs insulin-induced Ca**
signaling in the liver, resulting in delayed liver regeneration. In
our current work, we are not stating that statins are preventing
liver regeneration, since after 120 h of hepatectomy both
control and statin-treated animals presented the same level of
regeneration. Hence, it is possible that the impairment in
insulin-induced Ca®" signaling affects hepatocyte reentry into
cell cycle in the early phase of liver regeneration.

These findings provide the first in vivo evidence for the
general importance of cholesterol membrane in liver regener-
ation. However, further studies are needed to unravel the
importance of these membrane microdomains in each specific
phase of liver regeneration, as well as their role in different
liver cell types throughout the process of regeneration.
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Abstract: Alcoholic liver disease (ALD) is a highly prevalent spectrum of pathologies caused by
alcohol overconsumption. Morbidity and mortality related to ALD are increasing worldwide, thereby
demanding strategies for early diagnosis and detection of ALD predisposition. A potential candidate
as a marker for ALD susceptibility is the transcription factor nuclear factor erythroid-related factor
2 (Nrf2), codified by the nuclear factor erythroid 2-related factor 2 gene (NFE2L2). Nrf2 regulates
expression of proteins that protect against oxidative stress and inflammation caused by alcohol
overconsumption. Here, we assessed genetic variants of NFE2L2 for association with ALD. Specimens
from patients diagnosed with cirrhosis caused by ALD were genotyped for three NFE2L2 single
nucleotide polymorphisms (SNP) (SNPs: rs35652124, rs4893819, and rs6721961). Hematoxylin &
eosin and immunohistochemistry were performed to determine the inflammatory score and Nrf2
expression, respectively. SNPs rs4893819 and rs6721961 were not specifically associated with ALD,
but analysis of SNP rs35652124 suggested that this polymorphism predisposes to ALD. Furthermore,
SNP rs35652124 was associated with a lower level of Nrf2 expression. Moreover, liver samples from
ALD patients with this polymorphism displayed more severe inflammatory activity. Together, these
findings provide evidence that the SNP rs35652124 variation in the Nrf2-encoding gene NFE2L2 is a
potential genetic marker for susceptibility to ALD.

Keywords: Alcoholic liver disease; Nrf2; Polymorphism; NFE2L2 gene

1. Introduction

Alcoholic liver disease (ALD), a spectrum of pathologies that include fatty liver disease, alcoholic
hepatitis, and cirrhosis caused by alcohol overconsumption [1,2], is a global public health issue.
Approximately 2.4 billion people consume alcohol worldwide, and 75 million people are at risk of
alcohol-associated liver disease [3]. It is estimated that 2 million people die of liver disease each year,
and up to 50% of these cases are due in part to alcoholic cirrhosis [1]. ALD, as with other chronic liver
diseases, may not be clinically apparent early in the disease process. This highlights the importance of
early diagnosis for management and treatment to prevent cirrhosis-related morbidity and mortality,
as well as to detect ALD susceptibility.
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Ethanol metabolism generates reactive oxygen species (ROS), causing oxidative stress and
inflammation, the main pathogenic events involved in ALD [4,5]. Therefore, preventing the increase in
ROS is a potential mechanism to protect the liver tissue from the damage caused by alcohol consumption.
An endogenous mechanism of hepatoprotection is mediated by the nuclear erythroid-related factor
2 (Nrf2). Nrf2 is a basic leucine zipper transcription factor that controls the expression of the
antioxidant response element (ARE)—dependent genes, leading to the expression of cytoprotective
and anti-inflammatory proteins [6,7]. Dysregulation of Nrf2 activity correlates with the development
of several chronic inflammatory diseases [7-10]. For instance, knock-out (KO) mice for Nrf2 displayed
aggravated liver injury after alcohol ingestion [11,12].

Progression and prognosis of alcohol-related liver disease is influenced by multiple factors,
including genetics [2]. The most common type of genetic variation is the single nucleotide polymorphism
(SNP), which represents a nucleotide substitution in the genome that is associated with altered
vulnerability to disease [13,14]. SNPs in the promoter region of the Nuclear factor erythroid 2-related
factor 2 gene (NFE2L2) have been associated with disease susceptibility and other inherited phenotypes,
especially conditions characterized by increased levels of oxidative stress [15]. However, SNPs in
NFE2L2 have not yet been related to ALD. Here we investigated whether polymorphisms in the
promoter region of the NFE2L2 gene are associated with worse prognosis in a cohort of ALD patients.
For comparison, we examined the specificity of NFE2L2 SNPs for ALD by comparing the occurrence
of these SNPs in patients with chronic hepatitis C virus (HCV) infection. Our findings suggest SNP
rs35652124 is a specific genetic marker for susceptibility to the development of ALD.

2. Results

2.1. Single Nucleotide Polymorphism at -274 of the NFE2L2 Promoter Region Is a Genetic Marker for ALD Susceptibility

Two of the three analyzed polymorphisms in the promoter region of NFE2L2, the gene that
encodes Nrf2 (Figure 1), showed clinical significance in ALD samples.

SNP SNP SNP
rs4893819 rs35652124 rs6721961

I I I 1 I I
PROMOTER :G: :A: :A:
REGION :A: :G: :G:
T [ [

L= L= L=
-1275 -274 -178

NFE2L2 gene

Figure 1. Schematic position of the selected polymorphisms in nuclear factor erythroid 2-related factor
2 gene (NFE2L2). The three polymorphisms studied in this work are localized in promoter region of
NFE2L2 gene. Single Nucleotide Polymorphism (SNP) rs6721961 is located at position -178, where can
be present an adenine (A) or guanine (G). SNP rs35652124 is in position -274 in the promoter region,
and the variation is the same of the first. Lastly, SNP rs4893819 is localized in position -1275 in the
promoter region of NFE2L2 gene. In this position, the variation occurs between G and A. All these
positions are considering the position in relation 3" — 5.

The SNP rs35652124 analysis showed the polymorphism -274 adenine (A) in the promoter region
of NFE2L.2 gene in most ALD patients (n = 55 patients (59.8%)), while the variant -274 guanine (G) was
also present but less frequently in the same group (n = 37 patients (40.2%)). Conversely, control group
showed the variant -274G in most of the samples (n = 25 patients (59.5%)), whereas the polymorphism
-274A was less frequent in normal tissue (n = 17 patients (40.5%)) (Table 1). We also performed the
SNP rs35652124 analysis in patients with cirrhosis caused by HCV to evaluate the specificity of this
polymorphism for ALD. In contrast to what was observed in ALD, most patients with cirrhosis caused
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by HCV had the variant-274G (n = 19 patients - 67.9%) instead of -274A (n = 9 patients—32.1%) (Table 2).
The comparison between HCV and control liver samples did not show any significant difference
regarding the frequency of the variant -274A or -274G (Table 3). These observations are consistent with
the idea that the presence of an A in SNP rs35652124 is associated with ALD development, while the
presence of a G may be a protective factor.

Table 1. Allele Frequencies Compared to Alcoholic liver disease (ALD)/Control Groups—SNP
rs35652124 (-214 A > G).

ALD Control

Allele 1 (%) (%) p Value
AJA 18 39.1 5 238

G/G 9 19.6 9 429 0.1457
A/G 19 413 7 333
Total 46 100.0 21 100
AJA 18 39.1 5 238

G/G_A/G 28 60.9 16 762 0.2192
Total 46 100.0 21 100
A/A_A/G 37 80.4 12 57.1

G/G 9 19.6 9 29 0.0460
Total 46 100.0 21 100
A 55 59.8 17 405

G 37 402 25 59.5 0.0387
Total 92 100.0 2 100

Table 2. Allele Frequencies Compared to Alcoholic liver disease (ALD)/hepatitis C virus (HCV)
Groups—SNP rs35652124 (-214 A > G).

ALD HCV

Allele 1 (%) 1 (%) p Value
AJA 18 39.1 2 143

G/G 9 19.6 7 50.0 0.0668
A/G 19 413 5 35.7
Total 46 100.0 14 100.0
AJA 18 39.1 2 143

G/G_A/G 28 60.9 12 85.7 0.0746
Total 46 100.0 14 100.0
AJA_A/G 37 80.4 7 50.0

G/G 9 19.6 7 50.0 0.0345
Total 46 100.0 14 100.0
A 55 59.8 9 3.1

G 37 402 19 67.9 0.0106

Total 92 100.0 28 100.0
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Table 3. Allele Frequencies Compared to hepatitis C virus (HCV)/Control Groups—SNP rs35652124

(214 A > G).
HCV Control
Allele (%) (%) p Value
A/A 2 14.3 5 23.81
G/G 7 50.0 9 42.86 0.7898
AJG 5 357 7 33.33
Total 14 100.0 21 100
A/A 2 143 5 23.81
G/G_A/G 12 85.7 16 76.19 0.4995
Total 14 100.0 21 100
AJA_A/G 7 50.0 12 57.14
G/G 7 50.0 9 42.86 0.6846
Total 14 100.0 21 100
A 9 321 17 40.48
G 19 67.9 25 59.52 0.4832
Total 28 100.0 4 100

The second polymorphism with clinical importance was the SNP rs6721961, located at position -178
in the promoter region of the NFE2L2 gene. The frequency of -178A and -178G in the samples from ALD
patients was not different when we compared them to HCV samples (HCV—A: n = 22 patients—61.1%;
and G: n = 14 patients—38.9%/ ALD A: n = 38 patients—41.3%; and G: n = 54 patients—58.7%)
(Table 4). However, the frequency of the alleles A/A and A/G was lower in the ALD group (allele A/A:
n = 27 patients—58.7%; and allele G/G: n = 19 patients—41.3%) than in the HCV group (alleles A/A
and A/G: n = 16 patients—88.9%; allele G/G: n = 2 patients—11.1%) (Table 4). Together, these results
suggest that the presence of the nucleotide A in the position -178 of the promoter region of NFE2L.2
is associated with cirrhotic liver disease, since both ALD and HCV samples preferentially showed
this polymorphism.

Table 4. Allele Frequencies Compared to Alcoholic liver disease (ALD)/hepatitis C virus (HCV)
Groups—SNP rs6721961 (-178 A > G).

ALD HCV

Allele 1 (%) (%) p Value
A/G 16 348 10 55.6

AJA 1 23.9 6 333 0.0531
G/G 19 413 2 1.1
Total 46 100.0 18 100.0
AJA 1 239 6 333

A/G_G/G 35 76,1 12 66.7 0.6510
Total 46 100.0 18 100.0
AJA_A/G 27 58.7 16 88.9

G/G 19 413 2 111 0.0360
Total 46 100.0 18 100.0
A 38 413 2 61.1

G 54 58.7 14 38.9 0.0685

Total 92 100.0 36 100.0
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The third polymorphism analyzed was the SNP rs4893819, in the position -1275 of the promoter
region of NFE2L2 gene. The comparison between ALD and HCV liver samples did not show any
significant difference regarding the frequency of the variant -1275A or -1275G (Table 5).

Table 5. Allele Frequencies Compared to Alcoholic liver disease (ALD)/hepatitis C virus (HCV)
Groups—SNP rs4893819 (-1275 G > A).

ALD HCV

Allele 1 (%) (%) p Value
AJA 10 27 4 28.6
G/G 22 50.0 7 50.0 0.8715
G/A 12 27.3 3 214
Total 44 100.0 14 100.0
G/éié‘/A ;2 %; 140 ??:Z 0.7245
Total 44 100.0 14 100.0
A/A_G/A 22 50.0 7 50.0 000
G/G 2 50.0 7 50.0
Total 44 100.0 14 100.0
. % P 7 007 09565
Total 88 100.0 28 100.0

Together, these results are consistent with the idea that the polymorphism -274A in the promoter
region of NFE2L2 predisposes to ALD while the polymorphism at -178A might be associated with
susceptibility to develop cirrhosis from ALD plus other causes as well.

2.2. Single Nucleotide Polymorphism Rs35652124 in the NFE2L2 Gene Correlates With Inflammatory Score in ALD

In light of the protective effect of Nrf2 against oxidative stress caused by alcohol consumption,
we aimed to assess whether polymorphisms in the promoter region of NFE2L2 directly correlate with
expression of Nrf2 in the liver. To address this question, immunohistochemistry was performed in
the ALD and HCV samples after Nrf2 antibody optimization, using liver specimens from healthy
patients (negative control—nonspecific binding), and specimens from patients with extrahepatic biliary
atresia (positive control for Nrf2 nuclear translocation) [16] (Figure S1). Although Nrf2 staining was
not nuclear in most ALD specimens analyzed, Nrf2 was localized throughout the cytoplasm in the
ALD samples, and preferentially in the perinuclear region (Figure 2). This altered distribution could be
due to the fact that ALD specimens used here were from patients with at least six months of alcohol
abstinence before liver transplantation. Therefore, the absence of the acute alcohol stimuli could
contribute to the lower nuclear translocation of Nrf2 observed in these ALD samples. In addition to
the Nrf2 nuclear translocation, the de novo synthesis of this transcription factor is also involved in the
mechanism of cell protection after exposure to reactive oxygen species [17,18]. This is in agreement
with our findings that in SNP rs35652124 polymorphisms, Nrf2 expression was higher in samples
exhibiting the -274G/G allele than in samples with the -274A/A or -274A/G alleles (G/G = 183.1 + 3.9;
A/A =170.1+2.9; A/G=70.3 £ 1.9), (Figure 2A,B). The expression of superoxide dismutase 1 (SOD1),
a gene which transcription is targeted for a variety of transcription factors, including Nrf2 [19], was
also observed in most ALD samples (Figure S2), suggesting some level of Nrf2 activation. These results
support the observation that the presence of -274A in SNP rs35652124, both in homozygosity (A/A) or
heterozygosity (A/G), may be a risk factor for ALD, while the -274G/G allele is a protective factor.
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Figure 2. Nrf2 expression in the different polymorphisms of NFE2L2 gene in patients with
ALD-associated cirrhosis. (A) Immunohistochemistry for Nrf2 in in the SNP rs35652124 genotypes.
(B) Quantification of Nrf2 expression (mean value) in the different genotypes of SNP rs35652124.
(C) Immunohistochemistry for Nrf2 in the SNP rs4893819 genotypes. (D) Quantification of Nrf2
expression (mean value) in the different genotypes of SNP rs4893819. (E) Immunohistochemistry for
Nrf2 in the SNP rs6721961 genotypes. (F) Quantification of Nrf2 expression (mean value) in different
genotypes of SNP rs6721961 (n = 15 patients with ALD-associated cirrhosis; and n = 5 patients in each
genotype. * p < 0.05. Values are expressed as mean + SEM).

When it comes to the SNP rs4893819 (Figure 2C,D) and SNP rs6721961 (Figure 2E,F) polymorphisms,
no correlation was observed regarding Nrf2 expression and the alleles A/A, A/G or G/G. Moreover,
Nrf2 expression was not associated with the presence of any specific allele in SNP rs35652124, SNP
rs4893819 or SNP rs6721961 in HCV samples (Figure S3).

There was no correlation between the polymorphism in the promoter region of NFE2L2 and the
biochemical data of patients with either ALD (Table 6) or HCV (Tables S2-54). These results might
reflect the end-stage nature of the ALD and HCV cases, because all these patients had cirrhosis and
required liver transplantation.
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Table 6. Allele frequencies compared clinical data to Alcoholic liver disease (ALD) SNPs.

ALD - SNP rs35652124 (214 A > G)

Allele
M % F % Age MELD ALT AST GGT TB DB 1B ALP LDH ALB INR UR CR
A/A 94 45 555 53.61 16.54 46.25 76.91 114.75 3.26 1.20 2.05 214.2 460.23 3.12 1.68 27.77 1.04
' : (2.057) (1.101)  (11.02) (19.03) (21.65) (0.3964) (0.2407) (0.3092) (39.73) (48.82) (0.1612) (0.0984) (2.699)  (0.183)
G/G 100 0 55.25 16 51.71 77.34 212 3.43 1.68 1.79 191.3 468.6 3.07 1.48 34.72 0.95
(3304) (0.7559) (4.46)  (13.1)  (56.35) (0.5941) (0.505) (0.1932) (51.58)  (57.1)  (0.1686) (0.085) (4.387)  (0.112)
A/G 100 0 52.21 17 3047 39.93 88.34 3.36 1.42 2.04 125.63 421.02 3.25 1.82 38.04 0.99
(2924) (1.075) (5.188) (4364) (27.72) (0.5608) (0.4408) (0.2102) (16.44) (46.45) (0.1566) (0.1526) (3.144)  (0.068)
p value - - 0.7761 0.8396 0.2224 0.1226 0.0514 0.9742 0.6619 0.7853 0.1928 0.8082 0.7287 0.2295 0.0643 0.9129
Allele ALD - SNP rs4893819 (-1275 G > A)
M % F % Age MELD ALT AST GGT TB DB 1B ALP LDH ALB INR UR CR
A/A 88.89 1111 48.33 16.66 46.2 60.05 112.63 3.26 1.3 2 159.2 421.44 3.01 1.56 26.76 1.36
: : (2.809) (0.8028) (5.275)  (11.8)  (39.07) (0.439) (0.2762) (0.2608) (23.81)  (40.07)  (0.04)  (0.0898) (5.056)  (0.321)
G/G 100 0 53 16.71 44.87 70.73 118.7 3.24 1.2 2.03 151.06 468.6 3.10 1.81 29.85 0.9
(2282) (1.029) (8916) (1551) (20.65) (0.417) (0.2856) (0.2483) (18.09) (47.46) (0.149) (0.1171) (3.431)  (0.074)
G/A 100 0 59 16.86 36 55.67 180 3.71 1.63 1.89 268.3 443.6 3.47 1.56 35.45 1.51
(2.967) (1.487) (10.75) (15.92) (79.48) (0.5114) (0.4826) (0.3667) (79.75) (75.63) (0.2327) (0.1429) (5.895)  (0.107)
p value - - 0.0563 0.9946 0.7944 0.8009 0.5107 0.7671 0.7181 0.9516 0.1054 0.8480 0.2425 0.2825 0.6952 0.1259
Allele ALD - SNP rs6721961 (-178 A > G)
M % F% Age MELD ALT AST GGT TB DB 1B ALP LDH ALB INR UR CR
A/A 90 10 56.5 16.63 39.5 72.75 158.71 3.64 1.63 2.03 267.62 381.42 3.3 1.5 37 1.32
(3212) (1.101) (7.058) (10.37)  (60.2)  (0.3599) (0.3632) (0.3692) (68.49) (58.18) (0.184) (0.1257) (4.687) (0.269)
G/G 100 0 49.71 15 40.18 58.94 115.7 2.63 0.93 1.87 146.1 471.01 3.07 1.7 32.04 0.84
(1.957) (0.7977) (5.564)  (8.13)  (21.53) (0.3742) (0.1771) (0.2752) (16.06) (49.53) (0.1274) (0.107) (3.942)  (0.051)
A/G 100 0 57.14 17.36 43.73 59.85 120.5 3.74 1.69 1.92 126.5 470.8 3.18 1.68 34.19 0.97
(2.344)  (1.002) (11.83) (21.59) (33.98) (0.5585) (0.4554) (0.181) (19.45) (47.57) (0.198) (1.1344) (2.451) (0.086)
p value - - 0.0482 0.1959 0.9359 0.7991 0.7017 0.1677 0.2381 0.9141 0.0235 0.4332 0.6492 0.5050 0.6612 0.0623

M: male; F: female; MELD: Model for End-Stage Liver Disease; ALT: alanine transaminase; AST: aspartate transaminase; GGT: Gamma-glutamyltransferase; TB: total bilirubin; DB: direct
bilirubin; IB: indirect bilirubin; ALP: alkaline phosphatase; LDH: lactate dehydrogenase; ALB: albumin; INR: international normalized ratio; UR: urea; CR: creatinine.
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Finally, the association between histological findings and polymorphisms in the promoter region
of NFE2L2 was evaluated after histological analysis of the hematoxylin and eosin (H&E)-stained ALD
samples. Chronic liver disease can be divided in different stages of fibrosis levels and inflammatory
activity [20]. All the ALD and HCV liver samples showed higher level of fibrosis, in such a way
that just the inflammatory activity was scored (Figure 3A). For the SNP rs35652124 in the ALD
samples (Figure 3B), we observed higher inflammatory activity for the alleles -274A/A and -274A/G
(A/A: absent = 1 case; mild = 6 cases; moderate = 5 cases; severe = 1 case. A/G: absent = 3 cases;
mild = 6 cases; moderate = 5 cases; severe = 3 cases). On the other hand, most of the samples
with -274G/G allele showed attenuated inflammatory activity (G/G: absent = 1 case; mild = 3 cases;
moderate = 2 cases; severe = 1 case). For the SNP rs6721961 -178A allele as a risk factor for liver
damage, no difference was observed in the inflammatory activity (A/A: absent = 1 case; mild = 3 cases;
moderate = 3 cases; severe = 2 case. A/G: absent = 2 cases; mild = 7 cases; moderate = 3 cases;
severe = 1 cases. G/G: absent = 1 case; mild = 7 cases; moderate = 5 cases; severe = 2 case) (Figure 3C).
The absence of correlation between the polymorphism and inflammatory activity was also observed
for the SNP rs4893819 (A/A: absent = 0 case; mild = 5 cases; moderate = 2 cases; severe = 1 case.
G/A: absent = 1 cases; mild = 4 cases; moderate = 4 cases; severe = 1 cases. G/G: absent = 2 case;
mild = 6 cases; moderate = 6 cases; severe = 2 cases) (Figure 3D).
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Figure 3. Inflammation score in the different polymorphism of NFE2L2 gene in patients with cirrhosis
from ALD. (A) HE from ALD patients showing the score of inflammation. The METAVIR parameters
are considered: A0 mean no inflammation activity; A1 means mild inflammatory activity; A2 means
moderate inflammatory activity and A3 means intense inflammatory activity. (B) Number of cases
in each inflammatory score considering the polymorphism SNP rs35652124. (C) Number of cases in
each inflammatory score considering the polymorphism SNP rs4893819. (D) Number of cases in each
inflammatory score considering the polymorphism SNP rs6721961 (n = 37 patients for SNP rs35652124;

n = 37 patients for SNP rs6721961; and n = 34 patients for SNP rs4893819).

Together, these results suggest that polymorphism -274A in the promoter region of NEF2L2 gene
is associated with worse inflammatory activity in ALD samples.
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3. Discussion

Single nucleotide polymorphisms are the most common type of polymorphisms and occur at
a frequency of approximately 1 in 1000 base pairs [21] throughout the genome (coding sequences,
intronic sequences, and promoter region).

In this study, we established, for the first time, a specific and functional association between a
SNP in the promoter region of the NFE2L2 gene and susceptibility to ALD. ALD can lead to cirrhosis,
liver cancer, and liver failure, and is the most frequent indication for orthotopic liver transplantation
in some populations [22]. Although the pathogenesis of ALD has not yet been fully elucidated,
an interaction among behavioral, environmental and genetic factors is appreciated [22,23]. Most
studies of the genetic predisposition to ALD have focused on genes related to cell metabolism and
detoxifying enzymes [24-26]. Recently, genes for patatin-like phospholipase domain-containing
protein 3 (PNPLA3), transmembrane 6 superfamily member 2 (TM6SF2) and membrane-bound
O-acyltransferase domain-containing 7 (MBOAT?7) have emerged as potential markers of susceptibility
to develop alcohol-related liver injury [27]. These three proteins are involved in lipid metabolism,
and therefore may also participate in the pathogenesis of ALD, because steatosis is the initial histological
finding from alcohol overconsumption [27]. For example, PNPLA3 is expressed in hepatocytes,
and functions as a lipase, catalyzing the hydrolysis of triglycerides [28]. SNP rs738409 in the PNPLA3
gene is strongly associated with the alcoholic hepatitis [29,30], alcoholic cirrhosis [31,32], hepatocellular
carcinoma (HCC) and reduced transplantation-free survival [32-34], as well as non-alcoholic fatty
liver disease (NAFLD) [27,35]. TM6SEF2 is involved in very low-density lipoprotein (VLDL) secretion,
and the rs58542926 variant has been associated with ALD cirrhosis [31], HCC [34], and NAFLD [36,37].
SNP rs10401969 of the TM6SF2 gene also correlates with ALD cirrhosis [31]. MBOAT? catalyzes
the transfer of fatty acids between phospholipids and lysophospholipids, and the SNP rs641738 is
associated with higher risk of NAFLD [38] and inflammation and fibrosis in chronic hepatitis B [39],
while rs626283 is correlated with ALD cirrhosis [31].

Generation of ROS is a common consequence of alcohol metabolism [23,40], which is counteracted
by the Nrf2/ARE axis [41]. Nrf2 is a switch for the endogenous antioxidant response by activating its
downstream target genes responsible for regulating oxidative stress and inactivating toxic chemicals
and proteins [9,42-44]. Although a decline in Nrf2 expression has already been observed in older
rodents [45] and in age-related neurodegenerative disorder in humans [46], which can contribute
to the susceptibility to various diseases, the specimens selected for the current work were from
patients with similar ages. Several endogenous mechanisms are responsible for reducing cellular
oxidative stress through expression of antioxidant genes, such as glutathione-S-transferase (GST),
coenzyme Q10 (Q10), NAD(P)Hiquinone oxidoreductase (QR), and superoxide dismutase 1 (SOD1)
which have the common promoter element called the antioxidant response element [47]. Activation of
Nrf2 as a response to cell injury has already been described in different liver cells and several liver
diseases, such as cholestatic liver injury [16], viral hepatitis, drug-induced hepatitis, liver fibrosis,
and cirrhosis, HCC, and alcoholic and non-alcoholic steatohepatitis [44]. For instance, impairment of
acetaldehyde detoxification, aggravation of inflammatory response, and liver failure are key common
events observed in ethanol-fed Nrf2 knock-out mice, confirming the importance of this transcriptional
factor to prevent liver injury [12].

Several SNPs in the encoding region of the NFE2L2 gene, have already been associated with
diseases characterized by oxidative stress and inflammation, including acute lung injury [48], chronic
gastritis [49], gastric ulcer [50], ulcerative colitis [51], chronic obstructive pulmonary disease [52],
and type 2 diabetes mellitus [15]. Our findings suggest that a variant of the NF2L2 gene specifically
correlates with ALD cirrhosis. Our findings show that the variant -274A in SNP rs35652124 correlates
with the occurrence of ALD cirrhosis but not with HCV-associated cirrhosis. Additionally, we observed
that this variant associates with reduced expression of Nrf2, followed by a more severe inflammatory
condition, which is in agreement with previous studies showing that Nrf2-deficient mice exhibit worst
liver damage induced by alcohol intake [12]. This polymorphism of NFE2L2 has also been implicated
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in other diseases, such as Parkinson’s disease (PD) [53], hypertension, and cardiovascular disease [54].
In PD, for example, 10 SNPs within the NFE2L2 gene, including 3 exonic SNPs, 2 intronic SNPs,
3 promoter SNPs, and 2 SNPs in 3’ region of NFE2L2 gene were found [55].

In conclusion, our findings provide evidence that single nucleotide variations in the promoter
region of NFE2L 2, specifically the variant —274A of SNP rs35652124, might contribute to the pathogenesis
of cirrhosis from ALD. In addition, the lower Nrf2 expression and severe inflammatory activity observed
in patients carrying the -274A allele, suggest the potential relevance of this polymorphism in ALD
susceptibility and in the progression of this disease

4. Materials and Methods

4.1. Human Specimens

Human liver tissue specimens and clinical data from 49 patients with ALD in the cirrhotic phase were
collected from patients, with alcohol abstinence for at least 6 months, who underwent liver transplantation
at Hospital das Clinicas, Federal University of Minas Gerais (UFMG), from 1998 to 2015. Eighteen liver
specimens from patients with HCV and 21 liver biopsies from liver organ donors, from 2012 to 2017, were
used for comparison to the ALD group (Table S1). The average age of the patients used in this study were
similar among the groups (control: 49.5, ALD: 53.6, and HCV: 57.9; p >0.05 one-way analysis of variance
(ANOVA). The study was approved on 31st may 2017 by the Research Ethics Committee of UFMG, CAAE
67814117.6.0000.5149. Written informed consent was obtained from all subjects.

4.2. Genotyping

SNP analysis of the variants present in the promoter region of NFE2L2 gene was performed in
the liver specimens of ALD, HCV, and healthy groups. SNPs rs35652124 (-214 A > G), rs4893819
(-1275 G > A) and rs6721961 (-178 A > G) were analyzed in approximately 25 mg of paraffin-embedded
hepatic tissues. Genomic DNA was extracted and purified with the DNeasy Blood & Tissue kit (Qiagen®,
Hilden, North Rhine-Westphalia, Germany), in accordance with the manufacturer’s instruction.
For genotyping, the genomic DNA was incubated with thAmp™ Genotyping Master Mix and
rhAmp™ Reporter Mix and the primers (rthAmp™ SNP Assay) for the SNPs rs35652124, rs4893819,
and rs6721961, according to the guidelines (Integrated DNA Technologies—IDT®, Coralville, lowa,
USA). The polymerase chain reaction (PCR) amplification was performed in the 7500 real-time PCR
system (Thermo Fisher Scientific, Foster City, California, USA) under the following conditions: 95 °C
for 10 minutes (1 cycle), 40 cycles at 95 °C for 10 sec., 60 °C for 30 sec., and 68°C for 20 sec. The assay
model was the thAmp™ SNP Genotyping System, for gJPCR-SNP (IDT®, Coralville, lowa, USA).

4.3. Histopathological Analysis

Formalin-fixed, paraffin-embedded human liver specimens were sectioned at 4 pm thicknesses
and stained with hematoxylin and eosin (H&E). The slides were evaluated under a light microscope
(CX4; Olympus, Shinjuku, Tokyo, Japan) and the inflammatory cell infiltrate, polymorphonuclear
leukocytes and mononuclear cells, in the epithelial and connective tissues was graded as absent—no
inflammation activity; mild inflammatory activity; moderate inflammatory activity; and intense
inflammatory activity, by an experienced pathologist, in a blinded fashion [20].

4.4. Immunohistochemistry

Immunohistochemistry was performed using formalin-fixed, paraffin-embedded human liver
specimens with the Novolink Polymer Detection Kit (Leica Biosystems, Benton Lane, Newcastle, UK).
Four pm-thick sections were dewaxed, and antigen retrieval was performed in citrate buffer 1 mM (pH 6.0).
Following peroxidase and protein block, specimens were incubated with anti-Nfr2 (Abcam, Cambridge,
MA, USA) and anti-SOD1 (Santa Cruz, Dallas, TX, USA) antibody overnight at room temperature.
Reactions were revealed by applying 3,3’-diaminobenzidine (DAB). To compare Nfr2 expression in ALD,
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HCYV, and healthy groups, images were converted to 8-bit. Regions of interest were selected and pixel
intensity (0-255, grayscale) was measured in Image J software (Bethesda, Maryland, USA) [56].

4.5. Statistical Analysis

Results are presented as mean + SEM. Data were analyzed using GraphPad Prism software
(version 7; GraphPad Software, La Jolla, CA, USA). Differences among experimental groups were
assessed for significance p < 0.05, using the Student’s t-test or one-way ANOVA followed by
Bonferroni post-test.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/14/3589/s1.
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Abbreviations

ALD Alcoholic Liver Disease

ROS Reactive Oxygen Species

Nrf2 Nuclear erythroid-related factor 2

SNP Single Nucleotide Polymorphism
NFE2L2 Nuclear erythroid-related factor 2 gene
HCV Hepatitis C virus

A Adenine

G Guanine

PNPLA3 Patatin-like phospholipase domain-containing protein 3
TM6SF2 Transmembrane 6 superfamily member 2
MBOAT7 Membrane-bound O-acyltransferase domain-containing 7
HCC Hepatocellular carcinoma

NAFLD Non-alcoholic fatty liver disease

VLDL Very low-density lipoprotein

ARE Antioxidant response element

GST Glutathione-S-transferase

Q10 Coenzyme Q10

QR NAD(P)Hiquinone oxidoreductase
SOD1 Superoxide dismutase 1

PD Parkinson’s disease

M Male

F Female

MELD Model for End-Stage Liver Disease
ALT Alanine transaminase

AST Aspartate transaminase

GGT Gamma-glutamyltransferase

TB Total bilirubin

DB Direct bilirubin

1B Indirect bilirubin

ALP Alkaline phosphatase

LDH Lactate dehydrogenase

ALB Albumin

INR International normalized ratio

UR Urea

CR Creatinine
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Expression of the type 3 InsP, receptor is a final
common event in the development of

hepatocellular carcinoma

Mateus T Guerra,” ' Rodrigo M Florentino,? Andressa Franca,” Antonio C Lima Filho,?
Marcone L dos Santos,? Roberta C Fonseca,’ Fernanda O Lemos,’

Matheus C Fonseca,® Emma Kruglov,' Albert Mennone,' Basile Njei," Joanna Gibson,*
Fulan Guan,” Yung-Chi Cheng,” Meenakshisundaram Ananthanarayanam,'

Jianlei Gu,®’ Jianping Jiang,®’ Hongyu Zhao,® Cristiano X Lima,® Paula T Vidigal,®
Andre G Oliveira,” Michael H Nathanson,' Maria Fatima Leite?

ABSTRACT

Background & objectives Hepatocellular carcinoma
(HCC) is the second leading cause of cancer death
worldwide. Several types of chronic liver disease
predispose to HCC, and several different signalling
pathways have been implicated in its pathogenesis, but
no common molecular event has been identified. Ca**
signalling regulates the proliferation of both normal
hepatocytes and liver cancer cells, so we investigated the
role of intracellular Ca®* release channels in HCC.
Design Expression analyses of the type 3 isoform of
the inositol 1, 4, 5-trisphosphate receptor (ITPR3) in
human liver samples, liver cancer cells and mouse liver
were combined with an evaluation of DNA methylation
profiles of ITPR3 promoter in HCC and characterisation
of the effects of ITPR3 expression on cellular proliferation
and apoptosis. The effects of de novo ITPR3 expression
on hepatocyte calcium signalling and liver growth were
evaluated in mice.

Results ITPR3 was absent or expressed in low amounts
in hepatocytes from normal liver, but was expressed

in HCC specimens from three independent patient
cohorts, regardless of the underlying cause of chronic
liver disease, and its increased expression level was
associated with poorer survival. The /TPR3 gene was
heavily methylated in control liver specimens but was
demethylated at multiple sites in specimens of patient
with HCC. Administration of a demethylating agent in
a mouse model resulted in ITPR3 expression in discrete
areas of the liver, and Ca”* signalling was enhanced

in these regions. In addition, cell proliferation and liver
regeneration were enhanced in the mouse model, and
deletion of /TPR3 from human HCC cells enhanced
apoptosis.

Conclusions These results provide evidence that de
novo expression of ITPR3 typically occurs in HCC and
may play a role in its pathogenesis.

INTRODUCTION

Hepatocellular carcinoma (HCC) is distinguished
from most types of malignancy in several ways. First,
its incidence is rising," which has been attributed

Significance of this study

What is already known on this subject?

> Liver cancer is the second most common cause
of cancer death worldwide. Although a few
non-overlapping signalling pathways contribute
to its pathogenesis, no final common pathway
to the development of this cancer is known.
Calcium signalling mediated by intracellular
calcium channels of the inositol 1, 4,
5-trisphosphate receptor (ITPR) family controls
the balance between cellular proliferation and
cell death in other types of malignancies but its
role in liver cancer has not been explored.

What are the new findings?

» The intracellular calcium channel type 3 isoform
of the ITPR (ITPR3), which is nearly absent in
healthy liver, becomes expressed during the
development of liver cancer in multiple cohorts
of patients with liver cancer and in a mouse
model.

» This new expression of ITPR3 is due to
demethylation of its promoter and results in
enhanced calcium signalling and less apoptosis,
as well as impaired patient survival.

How might it impact on clinical practice in the

foreseeable future?

» These findings suggest that expression of ITPR3
in hepatocytes may be part of a final common
pathway in the development of liver cancer
and its expression and downstream subcellular
calcium signals may be novel targets for
therapeutic intervention.

in part to the widespread occurrence of hepatitis B
and C worldwide, plus the increasing frequency of
non-alcoholic fatty liver disease (NAFLD). Second,
the S-year survival rate has not increased signifi-
cantly during the past 30 years and remains in the
12%-15%range. Third, tissue biopsy generally is
neither required nor obtained to diagnose HCC,* so
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molecular profiling of this type of malignancy is not part of most
standard treatment strategies. However, there is growing recog-
nition of the fact that there is the variability of behaviour among
HCCs and that a better understanding of what governs this
behaviour could lead to more effective targeted treatment strat-
egies.’ Ca®" signalling regulates processes important for tumour
growth, including cell proliferation® ° and apoptosis,® 7 and
several studies have implicated Ca** signalling pathways in HCC
in particular. Inositol 1, 4, S-trisphosphate receptors (ITPRs)
are the intracellular Ca** channels expressed in hepatocytes.®
ITPR2 is the dominant isoform and localises to the apical region
where it regulates secretion,” ' whereas ITPR1 is localised to
the endoplasmic reticulum (ER)-mitochondrial interface where
it regulates lipid metabolism.'' ITPR3 is absent or expressed at
low levels in normal hepatocytes,® but alterations in its expres-
sion are thought to play a causal role in a number of other types
of malignancies including colon cancer,'? melanoma,” mesothe-
lioma and prostate cancer.® Here we investigated whether and
how ITPR3 is involved in the pathogenesis of HCC.

METHODS

DNA methylation profile analysis

Publicly available data banks were used for bioinformatics
analysis of DNA methylation levels in the promoter region of
human ITPR genes. Control individuals were selected from the
Gene Expression Omnibus and comprised individuals between
33 and 57 years of age, 47% women and 53% men (n=23)
with no history of liver inflammation or fibrosis. For patients
with liver cancer, a subset of 40 patients were chosen at random
from The Cancer Genome Atlas (TCGA) database. Their demo-
graphics (mean age 59 years, 65% men, 48% stage I disease)
were similar to that of the entire database. In both data banks,
the levels of DNA methylation (beta value) were accessed using
genomic DNA from the total liver and the Illumina Human
Methylation 450 method. CpG islands within the promoter
of each ITPR gene were selected based on the following
ID_REF sequences: ITPRI (cg24699271; ¢g03918306;
cg04251662; cg06716686; cg09407429;  cgl4643330;
cg21024916; cg21858376), ITPR2 (cg02569086; cg03966406;
cgl6175911; cg18238734; ¢g24082826; ¢g25960567) and
ITPR3 (cg02066343; cg02084729; cg02478409; cg03489495;
cg05234888;  ¢g08355863;  ¢g09209803;  ¢g12650926;
cgl2913957;  cgl4639225; cgl6400825; ¢cgl19889152;
cg20706766; cg22065976; cg24603235; cg27193704). The
percentage of CpG islands in the ITPR3 promoter region was
obtained using the Ensembl genome browser.

Analysis of survival data of patients with HCC

Data generated from the TCGA Research Network (http://
cancergenome.nih.gov/) were used to divide patients into two
groups based on ITPR3 mRNA expression levels. The first group
consisted of 39 out of 370 patients (10.5%) with elevated ITPR3
expression (z>1.0 as the cut-off). The remaining 331 patients
(z<1.0) were grouped as normal ITPR3 expression. Overall and
disease-free 5-year survival curves for each group were plotted
in GraphPad Prism.

Animal studies

Swiss male mice (8—10 weeks old) were used for the treatments
with the DNA methylation inhibitor S$’azacitidine (5-aza).
Animals were housed under a 12-hour light—dark cycle, with ad
libitum access to standard diet and water. The treatment group
received daily i.p. injection of 5’-aza (2mg/kg of body weight)

for 7 days. Control mice were injected with sterile saline. Body
weight was monitored daily and animals were sacrificed on day
8 for collection of liver tissue and blood samples. Similarly, male
Floxed ITPR3 (FloxR3), kindly provided by Dr Ju Chen (Univer-
sity of California, San Diego, California, USA)"* and liver-specific
ITPR3 knock out (LSKO3) mice on C57/BL6 background were
subjected to the same 5’-aza treatment prior to partial hepatec-
tomy (PH). LSKO3 were generated by crossing FloxR3 mice with
Albumin Cre (Jackson Laboratories, Bar Harbor, Maine, USA)
as reported previously.'" For the induction of HCC, 2-week-old
male C57/BL6 mice (Jackson Laboratories) were injected with
a single intraperitoneal dose of diethylnitrosamine (50 mg/kg of
body weight). Control animals were injected with sterile saline.
Animals were killed at 6, 9 and 12 months after the injection for
tissue collection and analysis.

Four-week-old NCR nude female mice (average body weight,
20g) were obtained from Charles River (Worcester, Massachu-
setts, USA) and acclimated to laboratory conditions 1 week before
tumour implantation. Nude mice were maintained in accordance
with the Institutional Animal Care and Use Committee proce-
dures and guidelines. HepG2 tumour xenografts were estab-
lished by subcutaneous injection of 5x10° HepG2 cells/site
(wild type (WT) or ITPR3KO) in each mouse. Starting at 14
days postinjection, HepG2 tumours were measured daily using
a calliper and the body weights of the mice were monitored as
well.

Culture of primary hepatocytes

Mouse hepatocytes were isolated from livers of male Swiss mice
after 5’-aza treatment. Briefly, livers were perfused with Hanks A
and then Hanks B medium containing 0.05% collagenase (Roche
Applied Science) and passed through a 40 pm nylon mesh filter
to yield primary hepatocytes in suspension. Hepatocytes were
then plated on collagen-I-coated coverslips at 37°C in 5%
CO,/95% O, in Williams” medium E (Thermo Fisher Scientific)
containing 10% fetal bovine serum, 50 units/mL penicillin and
50g/mL streptomycin. Hepatocytes were used 4—6hours after
isolation, as previously described.'*

Serum chemistries

Mouse serum was obtained by centrifugation of total blood
and used to assess liver function through the following panel of
serological tests: alkaline phosphatase (Bioclin, Brazil), alanine
aminotransferase (Labtest, Brazil), aspartate aminotransferase
(Labtest, Brazil) and gamma-glutamyl transferase (Labtest,
Brazil), as previously described."

Immunoblotting
Western blots of hepatocyte and liver cancer cell lysates were
performed as previously described.'®

DNA methylation of the mouse ITPR3 promoter region

Genomic DNA was extracted from isolated hepatocytes using
DNeasy Blood & Tissue Kit (QUIAGEN) according to the
manufacturer’s instruction. A total of 1ug of genomic DNA was
treated with bisulfite using the EZ DNA Methylation Kit (Zymo
Research), as reported,'” which converts unmethylated cytosines
into uracil. The promoter region of ITPR3 was amplified by
conventional PCR using the forward primer 5’-AAGCCGTCTA-
GAGAACGCCC-3" and reverse primer 5-CCACACACATG-
CAAATCCCG-3". The efficiency of DNA amplification was
monitored using a 1% agarose gel electrophoresis followed by
capillary electrophoresis sequencing in an ABI3730 apparatus
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using POP7 polymer and BigDye V.3.1. Sequencing data were
analysed using Sequence Scanner Software (Applied Biosystems).

Real-time PCR

Total mRNA of isolated hepatocytes was extracted using Trizol
reagent (Sigma Aldrich) according to the instructions of the
user manual. cDNAs were generated from 1ug RNA using the
High-Capacity cDNA Reverse Transcription Kit (Life Technol-
ogies). Real-time PCR analyses were carried out with SYBR
Green PCR Supermix (Bio-Rad) using PCR primers on a CFX96
Real-Time PCR system (Bio-Rad). Mouse ITPR3 primers were
used and the relative mRNA expression was determined by the
comparative Ct method using Bio-Rad software (Bio-Rad) with
beta-actin as the reference gene.

RNA sequencing and enrichment analysis

Total RNA was isolated from WT and ITPR3KO HepG2 cells
(five biological replicates/each) using the RNeasy kit (Qiagen,
Germantown, Mayland, USA). RNA integrity number was deter-
mined by Agilent Bioanalyzer 2100 (Agilent Technologies). On
average, 30 million sequencing reads (100 bp paired-end) of each
sample were obtained using an Illumina 6000 Sequencer and the
reads were mapped to the University of California Santa Cruz
hg19 human genome by STAR (2.5.4b-foss-2016b)," 87.77%
of which were uniquely aligned to the reference. The raw read
counts of genes were counted using subread (1.6.4)" based on
National Center for Biotechnology Information RefSeq anno-
tation. Within R Bioconductor, edgeR package was applied to
normalise raw read counts, and log2 transformed counts per
million represent the relative expression level of individual
genes.”’ The limma package was used to detect differential
expression between the groups;?! linear modelling was applied
with subsequent empirical Bayesian analysis p-value adjustment
for multiple testing. Pathways enrichment of significant differ-
entially expressed genes (p=<0.05) in different gene subsets was
determined by IPA (Ingenuity Pathway Analysis, QIAGEN).
The apoptosis (GO:0006915, 2764 genes)-related genes were
defined by QuickGO (https://www.ebi.ac.uk/QuickGO/).

Immunofluorescence

Isolated hepatocytes were plated onto six-well plates containing
glass coverslips treated with collagen type I solution (Sigma)
and 4-6 hours later cells were fixed with 4% paraformaldehyde
(Electron Microscopy Science) and permeabilised with 0.5%
Triton X-100 (Sigma). After washing in phosphate buffered
saline (PBS), unspecific binding was blocked using PBS, 10%
BSA, Triton X-100 0.05% and 5% goat serum for 1hour at room
temperature. Immunolabelling with primary ITPR3 monoclonal
antibody (1:100; Millipore) was performed for 1hour at room
temperature, followed by 1-hour incubation at room tempera-
ture with goat antimouse secondary antibody conjugated with
Alexa Fluor 488 (1:200; Life Technologies) and TO-PRO3
(1:1000; Thermo Fisher Scientific) as nuclear staining. Controls
in which primary antibodies were omitted showed no specific
staining. Images were collected on a Zeiss LSM 510 confocal
microscope, as previously described.'®

Immunohistochemistry

Formalin-fixed and paraffin-embedded mouse and human
liver tissue sections were de-waxed and antigen retrieval was
performed in citrate buffer (10 mM) containing 0.6% hydrogen
peroxide. The Novolink Polymer Detection System (Leica Biosys-
tems, Germany) was used in the subsequent steps as described

previously." Primary antibodies against ITPR3 (1:100; Sigma),
proliferating cell nuclear antigen (PCNA) (1:100; Abcam) and
5’-methylcytosine (SmC) (1:400; Zymo Research) were incu-
bated overnight at room temperature followed by incubation
with detection polymer for 40 min at room temperature. DAB
was used for signal detection. Images were obtained using an
optical microscope (Zeiss, Germany) at with a 20X objec-
tive. Human liver tissue samples were from three indepen-
dent cohorts of liver specimens obtained from: (1) Hospital
das Clinicas, UFMG; (2) Department of Pathology — Yale New
Haven Hospital on approval by the respective human investiga-
tion committees; (3) a 40-patient tissue array purchased from
US Biomax (Derwood, MD). For quantification purposes of all
histological staining, fields of view were chosen by a blinded
investigator and the quantification was performed by a different
investigator to minimise bias.

In vivo calcium measurements

Animals were anaesthetised with a mixture of ketamine (10%)
and xylazine (5%). Livers were loaded with the Ca®* indicator
dye Fluo-4/AM (Thermo Fisher Scientific) for 10 min at room
temperature and placed onto the stage of a Nikon A1 confocal
microscope, as described previously. Arginine vasopressin
(AVP), a known InsP3-dependent Ca’* release agonist,”” ** was
injected IV at a concentration of 100 ng/mL to trigger InsP3-de-
pendent Ca®*" release. Data are expressed as fluorescence/
baseline fluorescence x 100%. Hepatocytes surrounding the
central vein and within a radius of two times the average size
of individual hepatocytes were defined as pericentral (PC). The
remaining hepatocytes were classified as belonging to the peri-
portal (PP) region.

Partial hepatectomy

PH was carried out as described.** At 48 hours postsurgery, livers
were removed and fixed in 10% neutral buffered formalin and
embedded in paraffin for PCNA staining. For quantification of
the zonal distribution of PCNA staining, PP and PC zones were
defined as areas of twice the radius of the nearby portal and
central veins, respectively.

Knockout of ITPR3 by CRISPR/Cas9 in human cells

A commercially available CRISPR/Cas9 system was used
to knock out ITPR3 in HepG2 liver cancer cells (Santa Cruz
Biotechnology). Briefly, cells were cotransfected with a plasmid
containing the ITPR3-specific guide RNA and the sequence
encoding the Cas9 nuclease alongside a plasmid which promotes
the insertion of red fluorescent protein (RFP) and puromycin
resistance sequences via homology-directed repair within
the deleted loci in the ITPR3 gene. After 2 weeks, cells were
subjected to fluorescence-activated cell sorting and red fluores-
cent cells were sorted and cultured under puromycin (1 pg/mL)
selection following a limited dilution protocol. On expansion,
RFP-positive clones were subjected to Western blot analysis of
ITPR3 to verify successful knock out. Successful deletion of exon
3 of the ITPR3 gene and correct integration of the sequences
coding for RFP and puromycin resistance were confirmed by
PCR amplification followed by automated DNA sequencing.
Control HepG2 cells are referred to as WT and correspond
to non-transfected cells cultured in media without Puromycin.
Cells depleted of ITPR3 are referred to as ITPR3KO. Cells were
grown in Dulbecco Modified Eagles Media supplemented with
L-glutamine (1 mM), fetal bovine serum (10% v/v) and penicillin/
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Figure 1

ITPR3 is expressed in human HCC and is associated with poorer survival. (A) ITPR3 expression in a histologically normal liver biopsy (top

left) and an HCC specimen (top middle). Bottom row showing a magnified view of the regions marked with the black square in the top row. Bottom
left showing ITPR3 expressed in the apical region of a bile duct in the normal liver specimen (arrow) but is minimal in surrounding hepatocytes.
Bottom middle showing that there is diffuse cytosolic staining of ITPR3 in HCC hepatocytes. Top and bottom right showing a negative control (scale
bar, 20 pm). (B) Quantification of ITPR3 staining showing that labelling is significantly increased in HCC specimens from patients with NASH and

HCV (p<0.05, n=15and p<0.01, n=6, respectively by ANOVA with Dunnett's post-test) relative to control specimens (n=17). The remaining samples
were: alcoholic liver disease (n=5) and HBV infection (n=2); additionally, two specimens were from patients in which two of these liver diseases were
present. (C) ITPR3 staining in HCC (tumour) and NAT in a representative image from a commercially obtained tissue microarray (scale bar, 200 pm). (D)
ITPR3 staining of HCC was significantly increased relative to the correspondent NATs. (n=40, p<0.01 by paired t test). (E) Five-year survival is reduced
in patients with HCC with ITPR3 mRNA expression with z>1 above the mean (median=37.3 months, n=39) in comparison to all other patients

with HCC (median=60.8 months, n=332; p<0.01 by log-rank test). (F) Disease-free survival is also decreased in patients with HCC with higher ITPR3
expression (median=10.4 months in high ITPR3 versus median=23.0 months in other patients with HCC; p<0.004 by log-rank test). (G) mRNA
expression of ITPR1-3 in control (n=26) and patients with HCC (n=89). ITPR1 and ITPR2, which are physiologically expressed in hepatocytes, are not
altered in HCC, but ITPR3 expression is significantly increased in HCC (p<0.05, Bonferroni post-tests). (H) mRNA expression of ITPR3 correlates with
the clinical stage of HCC. mRNA levels of ITPR1 and ITPR2 are similar in clinical stages I-1ll. However, mRNA of ITPR3 is significantly increased in stage

d * k%

Il and stage Ill compared with control (**p<0.05an

p<0.001, Bonferroni post-tests, respectively). (I) Representative images of ITPR3 staining

in specimens collected from Universidade Federal de Minas Gerais diagnosed with GSD (n=10), and different stages of the of HCV infection, such as
fibrosis (n=20), cirrhosis (n=20) and tumour (n=20). ITPR3 was not detected in GSD hepatocytes, even though it was expressed in cholangiocytes
(inset) (scale bar, 50 um). (J) Quantification of ITPR3 staining according to the degree of fibrosis showing that ITPR3 starts to be expressed as early as
in moderate fibrosis and remains elevated until the tumour stage in specimens from HCV-infected patients (**p<0.05, ***p<0.01and ****p<0.001).
(K) ITPR3 expression is not correlated to inflammatory activity in HCV infection specimens. ALD, alcoholic liver disease; ANOVA, analysis of variance;
GSD, glycogen storage disease; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; IPTR1, type 1 isoform of the inositol

1, 4, 5-trisphosphate receptor; IPTR2, type 2 isoform of the inositol 1, 4, 5-trisphosphate receptor; IPTR3, type 3 isoform of the inositol 1, 4,
5-trisphosphate receptor; NASH, non-alcoholic steatohepatitis; NAT, non-tumour adjacent tissue.

streptomycin (100 units/mL and 100 mg/mL) at 37°C in a humid-
ified atmosphere containing 5% CO,.

Apoptosis

WT and ITPR3KO cells were treated with dimethyl sulfoxide
(vehicle control), staurosporine (STA, 5 uM) or etoposide (10,
25 and 50 uM) for 16 hours followed by luminescence measure-
ments of Caspase 3/7 activity using the Caspase-Glo 3/7 assay
(Promega, Madison, Wisconsin, USA) according to the manu-
facturer’s instructions, in a BioTek Synergy 2 plate reader. Addi-
tionally, control and STA-treated cells were stained with Annexin
V-FITC conjugated antibody and counted in fluorescence-ac-
tivated cell sorter (FACS; BD LSRII). Results are expressed
as percentage of Annexin V positive cells relative to total cell
count. HepG2 cells were mock-transfected or transfected with

a mCherry-tagged rat ITPR3 plasmid, a gift from David Yule
(University of Rochester Medical Center, Rochester, New Yoyk,
USA). One day after transfection, cells were treated with STA (5
M for 6 hours) followed by incubation with Yo-Pro-1 and imaged
on a Zeiss Axio Observer Z1 epifluorescence microscope with
a 20X objective to detect apoptotic cell death. The number of
Yo-Pro-1-positive cells in 8—14 fields was counted in Image J and
is expressed as the percentage of total cells. Primary hepatocytes
isolated from control and 5’-aza-treated animals were exposed
to vehicle or STA. Cleaved caspase 3 expression was then evalu-
ated in total cell lysates as a marker of apoptosis.

Colocalisation of ITPR3 and mitochondria in HepG2 cells
HepG2 cells were cotransfected with enhanced green fluorescent
protein (EGFP)-ITPR3 (a gift from Colin W. Taylor, University
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Figure 2  The promoter of human /TPR3 is demethylated in HCC. (A) CpG islands in the promoter region of the human /TPR3 gene. The lower line
indicates 0% likelihood of a CpG island and the upper line indicates 100% likelihood. (B) Schematic representation of 16 methylated regions in the
ITPR3 promoter, analysed by bioinformatics using GEO data for control patients and TCGA data for patients with HCC. (C) Methylation of the /TPR3
promoter from patients with HCC (n=40) is lower than in control patients (n=23) at 16 different sites (*p<0.05, Bonferroni post-tests). (D) Percentage
methylation of the promoter region of the human /TPR7, ITPR2 and ITPR3 genes. HCC values are relative to that observed in controls. GEO, Gene
Expression Omnibus; HCC, hepatocellualr cancer; TCGA, The Cancer Genome Atlas.

of Cambridge, UK)* and the outer mitochondrial membrane
marker mKO2-TOMM20 (a gift from Michael Davidson to
Addgene—plasmid # 57899). The cells were imaged on a Zeiss
LSM 880 AiryScan Fast Confocal (Zeiss Microscopy, Thorn-
wood, New York, USA) with a 63X/1.4NA objective and exci-
tation of 488nm and 561 nm for EGFP and KO,, respectively.
The emission signals were collected between 495 and 550 nm
(EGFP) and >570nm (KO,) on the AiryScan detector and
processed for improved (~140nm) resolution using the built-in
super-resolution algorithm in ZEN Black software. Mander’s
coefficient of colocalisation between EGFP and KO, was calcu-
lated with the Coloc2 plug-in in Image] (National Institutes of
Health) in a total of 25 cells from 3 independent transfections.

Statistical analysis

Data are presented as arithmetic mean =SD unless otherwise
indicated. For statistical analysis, means between two groups
were compared by -test or Mann-Whitney non-parametric
test as specified in the online supplementary figure legends.

Comparison of multiple groups was performed by one-way anal-
ysis of variance with Bonferroni post-tests. A p-value of <0.05
was taken to indicate statistical significance.

RESULTS

ITPR3 was absent in normal human hepatocytes (online
supplementary figure 1), but was present in samples of patient
with HCC (figure 1A) and cell lines (online supplementary figure
1). ITPR3 was present regardless of whether the underlying liver
disease was hepatitis B virus, hepatitis C virus (HCV), NAFLD or
alcoholic liver disease (ALD), which are the four most common
predisposing factors to the development of HCC.*® Histolog-
ical scoring of ITPR3 staining was significantly increased in
HCC specimens from patients with non-alcoholic steatohepa-
titis and HCV relative to non-HCC controls (figure 1B). In the
second cohort, ITPR3 staining was significantly increased in
the tumour area, relative to non-tumour adjacent tissue (NAT;
figure 1C,D). To begin to investigate the clinical relevance of this
de novo expression, the relationship between ITPR3 expression
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Figure 3 DNA methylation levels are decreased in HCC and in mice treated with 5’-aza. (A) Experimental protocol of 5’-aza treatment in mice.

(B) Immunoblot of hepatocyte lysates demonstrating reduction of total methylated cytosine (5mC) after treatment with 5’-aza. (C) Densitometric
analysis showing ~50% reduction in methylation after 5’-aza treatment (n=3, *p<0.05, Bonferroni post-test). (D) Demethylation sites of CpG islands
in the mouse /TPR3 promoter region after 5’-aza treatment. Black dots represent methylated sites and white dots represent demethylated sites (n=3
animals for each condition). (E) Percentage of methylated CpG (_CpG, black) and demethylated CpG (white) in the promoter region of the mouse
ITPR3 gene. (F) Representative images of immunostaining for 5mC in livers from patients with GSD (n=10), and different stages of HCV infection,
including fibrosis (n=20), cirrhosis (n=20) and tumour (n=20) (scale bar, 50 ym). (G) Quantification of nuclear 5mC staining showing that methylation

is markedly decreased in HCV-related cirrhosis and tumour compared with GSD and HCV-related fibrosis

(***

p<0.01and *p<0.001, Bonferroni post-

tests). 5”-aza, 5’-azacitine; GSD, glycogen storage disease; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; ITPR3, type 3 isoform of the inositol

1, 4, 5-trisphosphate receptor.

in HCC and patient survival was examined using data from
TCGA. ITPR3 expression was >1z above the mean for patients
with HCC in 11% (39 of 371) of the samples, and both 5-year
overall and disease-free survival were significantly reduced
in this patient group (figure 1E,F). Because normal hepato-
cytes express ITPR1 and ITPR2 and low to undetectable levels
of ITPR3,} the expressions of all three ITPRs were compared
between normal and HCC samples from the TCGA repository.
ITPR3 mRNA expression was significantly increased in HCC
relative to control specimens, whereas ITPR1 and ITPR2 expres-
sions were similar between the two groups (figure 1G). Also,
the increased ITPR3 expression in HCC was more pronounced
in disease stages Il and III, according to the TNM criteria
(figure TH). To understand whether ITPR3 expression precedes
HCC, expression was examined in liver specimens from the
third cohort of patients, with chronic liver disease from HCV
or ALD. With either disease, nearly half of the specimens from
patients with cirrhosis without HCC expressed ITPR3, whereas
nearly all specimens from patients with HCC expressed ITPR3.
In contrast, ITPR3 was not expressed in patients with glycogen
storage disease (GSD), a chronic liver disease that does not typi-
cally predispose to HCC in the absence of cirrhosis, such as
the patients studied here?’ (figure 11 and online supplementary
figures 2A, B). Moreover, expression of ITPR3 increased with
the degree of fibrosis (figure 1]), although it did not correlate
with inflammatory activity in the same specimens (figure 1K).
Additionally, ITPR3 expression preceded tumour formation in a
mouse model of HCC (online supplementary figure 3A). These
findings collectively suggest that de novo expression of ITPR3

is a common feature of human HCC, precedes its development,
and is associated with the degree of fibrosis and with a poorer
disease outcome.

To study the role of ITPR3 on tumour growth in vivo, a
HepG2 HCC cell line was developed in which the ITPR3 gene
was deleted using CRISPR/Cas-9 (ITPR3KO). Loss of ITPR3
was confirmed by western blot and by expression of red fluo-
rescent protein (RFP) that was inserted in the genome along-
side the CRISPR targeting cassette on successful recombination.
WT or ITPR3KO HepG2 cells were implanted subcutaneously
in nude mice and tumour growth was assessed over time.
Tumour growth was monitored over a 1-week period, once all
implanted tumours became visible (42 days). During the week
in which HCC growth was monitored, five of six WT tumours
grew, whereas only three of eight ITPR3KO tumours grew. Total
tumour volume was significantly lower in animals implanted
with ITPR3KO cells when compared with mice bearing WT
HepG2 cells (online supplementary figure 3B).

Both transcription factors and miRNAs that decrease ITPR3
expression have been identified,”*" but factors that increase
ITPR3 are not known. Bioinformatic analysis showed that
the ITPR3 promoter region has a number of CpG islands
(figure 2A), which are potential methylation sites capable
of suppressing gene expression.’’ In most of the 16 regions
analysed (figure 2B), DNA methylation levels were lower in
hepatocytes from patients with HCC than in normal controls
(figure 2C). In contrast, the promoter regions of ITPRI and
ITPR2 were already demethylated in hepatocytes from normal
control individuals (figure 2D and online supplementary figure
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Figure 4 Demethylation induces ITPR3 expression in hepatocytes in vivo. (A) ITPR3 mRNA expression in isolated hepatocytes is significantly
increased after 5’-aza treatment, relative to controls (n=5 in each group, *p<0.05, Bonferroni post-tests). (B) ITPR3 staining (green) in isolated
mouse hepatocytes from control liver and after 5-aza treatment demonstrating the subcellular pattern of ITPR3 expression. Nuclei are shown in blue.
(scale bar, 10 pm). (C) Immunoblot of liver lysates showing the presence of ITPR3 in the nuclei of hepatocytes after the demethylation treatment. (D)
Densitometric analysis showing cytosolic and nuclear expression of ITPR3 in hepatocytes in 5’-aza-treated hepatocyte lysate (*p<0.05and **p<0.01,
Bonferroni post-tests). (E) Immunohistochemistry for ITPR3 in liver sections showing that expression after 5’-aza treatment is mostly concentrated

in the region of the central venule (scale bar, 100 um). (F) Representative immunoblot of hepatocyte lysates demonstrating that 5’-aza treatment
increases ITPR3 expression relative to control. ITPR1 and ITPR2 expressions are unchanged by 5’-aza. (G) Densitometric analyses showing that ITPR3
is the only ITPR isoform with increased expression after 5-aza treatment (n=3, **p<0.01, by Student t-test). 5’-aza, 5’-azacitine; ITPR1, type 1
isoform of the inositol 1, 4, 5-trisphosphate receptor; ITPR2, type 2 isoform of the inositol 1, 4, 5-trisphosphate receptor; ITPR3, type 3 isoform of the

inositol 1, 4, 5-trisphosphate receptor; NSB, non-specific binding control.

4), consistent with the observation that ITPR1 and ITPR2 are
normally expressed in hepatocytes.> !’ To investigate more
directly the role of DNA methylation in hepatic ITPR3 expres-
sion, 5’-aza was used to inhibit DNA methyltransferases in vivo
(figure 3A).** This protocol decreased DNA methylation levels,
reflected by a decrease in 5SmC staining (figure 3B,C) as well as
demethylation of specific CpG islands in the ITPR3 promoter
(Figure 3D; Figure 3E), and without evidence for non-specific
liver damage (online supplementary figure 5). Similarly, SmC
levels were decreased in HCC specimens when compared with
non-cirrhotic GSD controls (Figure 3F; Figure 3G). Together,
these results indicated that inhibition of DNA methyltransferase
efficiently demethylates ITPR3 promoter and that SmC levels
are decreased in HCC.

Hepatocyte ITPR3 mRNA was increased in response to
5’-aza (figure 4A), and the newly expressed Ca®' channel
was localised in part in a perinuclear distribution (figure 4B).
Moreover, ITPR3 was present in both nuclear and non-nuclear
fractions of hepatocytes isolated from mice treated with 5’-aza
(figure 4C,D). ITPR3 was furthermore concentrated in hepato-
cytes near the central venule (figure 4E), perhaps reflecting the
higher capacity of PC hepatocytes to metabolise 5’-aza into its
active metabolite.>® De novo expression of ITPR3 in this model
was not associated with altered expression of ITPR1 or ITPR2
(figure 4F,G). The regional difference in ITPR3 expression in
an animal model provided the opportunity to examine whether
there were corresponding regional differences in Ca**signal-
ling. Livers were loaded with the Ca**-sensitive fluorescent

dye Fluo-4/AM, then time-lapse confocal imaging was used to
monitor hepatocyte Ca** signalling in vivo. The peak response
to the hepatocyte Ca®* agonist AVP was higher in animals treated
with 5’-aza (figure 5A,B). This increased response was primarily
due to the PC, ITPR3-expressing hepatocytes (figure 5C-E),
as a less pronounced increase in Ca’" signalling was seen in
PP hepatocytes relative to untreated controls (figure SF). Also,
the time to peak for Ca®* signals was increased in PC, but not
in PP hepatocytes, of 5’-aza-treated mice when compared with
control, which may reflect the lower sensitivity of ITPR3 to
InsP,(figure SG). The amplitude of Ca** signals in the nucleus
also was increased in the PC, ITPR3-expressing hepatocytes
(figure SH and online supplementary figure 6) and PP hepato-
cytes (figure SH). However, these regional differences in Ca®*
signaling were not observed in hepatocytes isolated from control
and 5'-aza-treated mice, likely due to the high concentration of
AVP used to trigger Ca>* release (online supplementary figure
7). Nonetheless, the changes in nuclear Ca** observed in vivo
are of potential importance because both normal liver regen-
eration and growth of liver tumours depend on nuclear Ca**
signals.*®%*

Finally, several functional effects were examined to understand
the pathophysiological significance of expression of ITPR3 in
hepatocytes. Because nuclear Ca®* regulates hepatocyte prolif-
eration,” ** liver regeneration following PH was studied. Both
liver-to-body weight and nuclear PCNA staining were signifi-
cantly increased in 5’-aza-treated animals relative to controls at
48 hours after PH (figure 6A—C). PCNA staining was uniformly
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Figure 5 Demethylation enhances calcium signalling in hepatocytes in vivo. (A) Representative time course of hepatocyte Ca®* signals following
stimulation by intravenous infusion of AVP (100 ng/mL), monitored by in vivo time-lapse confocal imaging of livers in animals treated with 5’-aza and
controls. Fluorescence of the Ca?* dye Fluo-4 is expressed as a percentage of basal fluorescence. (B) Peak fluorescence after AVP stimulation is more
than doubled in animals treated with 5’-aza (n=3 animals per group, ***p<0.001). (C) Representative pseudocoloured confocal fluorescence image
showing identification of PC and PP regions. (D) Representative time course of Fluo-4 fluorescence levels in hepatocytes near the central venule (PC
region), where ITPR3 expression is increased by 5’-aza. Note the increase is greater than is seen by imaging the whole liver. (E) Representative time
course of Fluo-4 fluorescence levels in hepatocytes near the portal venule (PP region), where little to no ITPR3 expression is induced by 5’-aza. Note
the increase is smaller than that observed in the whole liver. (F) Fluorescence peak after AVP stimulation is higher in PC hepatocytes from animals
treated with 5’-aza (***p<0.001) than in PP hepatocytes from the same group (**p<0.01). (G) Time to the maximal peak of Ca**in PC hepatocytes
is higher in PC hepatocytes from 5-aza-treated animals (***p<0.01). (H) Fluorescence peaks in PC and PP hepatocyte nuclei are significantly
increased in animals treated with 5’-aza compared with controls. Fluorescence is expressed as a percentage of basal fluorescence (n=20 nuclei were
monitored per animal in 3 animals per group, ***p<0.001). AVP, arginine vasopressin; 5’-aza, 5’-azacitidine; ITPR3, type 3 isoform of the inositol 1, 4,

5-trisphosphate receptor; PC, pericentral; PP, periportal.

distributed across the liver lobule (figure 6D). Also, expressions
of ITPR1 and ITPR2, the two main ITPR isoforms in quiescent
hepatocytes, did not change at all three time points (24, 48
and 72hours) post-hepatectomy (online supplementary figure
8). This is in contrast to previous results showing a significant
increase of ITPR2 protein expression 48 hours after PH, which
may reflect species differences.®

To more directly evaluate the role of ITPR3 in hepato-
cyte proliferation in vivo, liver regeneration was compared
between FloxedR3 (Control) and AlbCreR3KO (LSKO3) mice
treated with 5’-aza. After 48 hours, liver-to-body weight ratios
were significantly higher in LSKO3 mice when compared with
controls (online supplementary figure 9A), but PCNA staining
was significantly decreased in LSKO3 mice compared with
control (online supplementary figure 9B). ITPR3 expression was
detected in control mice around the central veins and occasion-
ally elsewhere throughout the liver lobule, whereas ITPR3 was
mostly absent in LSKO3 livers (online supplementary figure 9C).
Therefore, hepatocyte proliferation after PH as measured by
PCNA labelling is increased when ITPR3 expression is induced
and decreased when it is knocked out. It is unclear why liver-
to-body weight is increased despite lower PCNA labelling in
LSKO3 mice. This may reflect hypertrophy to compensate for
impaired proliferation, or else some other chronic compensatory
effects, especially in light of previous reports that ITPR3 remains
undetectable in hepatocytes after PH in rats.*

Cell proliferation can also be regulated by apoptosis, both in
liver regeneration®® and tumour growth.® ” ITPR3-dependent
Ca®* release is involved in apoptotic cell death,*® so apoptosis was
evaluated in WT and ITPR3KO cells (figure 7A) in several ways .

Caspase 3/7 activity following STA treatment was significantly
increased in ITPR3KO cells, relative to WT cells (figure 7B). No
difference in baseline caspase activity was detected between the
two groups. Similar results were obtained by FACS analysis of
Annexin V positive cells (figure 7C). Caspase 3/7 activity also
was greater in ITPR3KO cells than in WT when apoptosis was
induced with etoposide rather than STA (figure 7D). These
results are consistent with the idea that ITPR3 protects HCC cells
from cell death via inhibition of apoptosis. Because the transfer
of Ca** from the ER to mitochondria modulates apoptosis in
multiple cell types®” and because ITPR3 preferentially transmits
Ca®** to mitochondria,*® colocalisation of a green fluorescent
protein (GFP)-tagged ITPR3 and mKO2-TOMM20, a marker
of the outer mitochondrial membrane, was evaluated in HepG2
cells using super-resolution microscopy. GFP-ITPR3 distributed
throughout the cytosol in a reticular pattern, consistent with
it being localised to the ER, and mKO2-TOMM20 was found
in tubular structures resembling mitochondria. The colocalisa-
tion analysis revealed that a fraction of the GFP-ITPR3 (~15%)
overlapped with mKO2-TOMM20 (figure 7E), suggesting that
ITPR3 is partially located at the interface between ER and mito-
chondria. This is consistent with the idea that, when present in
hepatocytes, ITPR3 might modulate apoptosis by controlling
the transmission of Ca®* between these two organelles.
Apoptosis was also analysed in primary hepatocytes isolated
from control and 5’-aza-treated mice in the presence of STA.
Cleaved caspase 3 expression was increased in cells treated with
STA compared with non-treated controls. In contrast, there was
a trend towards increased cleaved caspase 3 expression in cells
from 5’-aza-treated mice, and this was not further increased by
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Figure 6 Demethylation accelerates liver regeneration in mice. (A) Liver-to-body weight ratio at 24, 48 and 72 hours after PH showing

increased ratio in 5’-aza-treated group, relative to controls (n=5 animals per group, *p<0.05; **p<0.01; ***p<0.001, Bonferroni post-test). (B)
Immunohistochemistry for PCNA in liver sections after PH (scale bar, 100 ym). (C) Quantification of PCNA-positive cells 24, 48 and 72 hours after PH,
demonstrating that 5’-aza treatment increases hepatocyte proliferation (n=5 animals per group, **p<0.01; ***p<0.001). (D) Quantification of PCNA-
positive cells in PC and PP regions 24, 48 and 72 hours after PH. Dotted regions on the micrograph illustrate PC and PP areas used for quantification
as defined in the methods section. 5’-aza, 5’-azacitidine; PC, pericentral; PH; partial hepatectomy; PP, periportal.

STA (figure 7F,G). Similarly, transient overexpression of mCher-
ry-tagged ITPR3 induced apoptosis in HepG2 cells, whereas
treatment of these cells with STA did not further increase apop-
totic cell death (figure 7H). Together these results suggest that
de novo expression of ITPR3 may induce apoptosis in either
hepatocytes or HCC cells, but in both cases, the surviving cells
become resistant to cell death induced by apoptotic stimuli.

Because ITPR-dependent Ca’* signalling triggers store-op-
erated Ca’* entry (SOCE) that shapes the overall intracellular
Ca** response, the expression of the main components of SOCE
was investigated in WT and ITPR3KO cells. Expressions of
all SOCE-related genes (ORA1, ORAI2, ORAI3, STIM1 and
STIM2) were similar in WT and ITPR3KO, suggesting that alter-
ations in SOCE do not contribute to the effects of ITPR3 on liver
cancer development (online supplementary table 1).

To understand the mechanism by which ITPR3 might protect
rather than induce apoptotic cell death, RNA sequencing was
performed to compare global gene expression between WT and
ITPR3KO HepG2 cells. This analysis revealed that the presence of
ITPR3 in a liver cancer cell is associated with changes in multiple
apoptosis-related genes. Two of these genes, POU4F1 and SIAH2,
were the most upregulated and downregulated genes, respectively,
in WT cells relative to ITPR3KO (figure 7I). POU4F1 is a tran-
scription factor that is upregulated in acute myeloid leukaemia®”
and it triggers an antiapoptotic and prosurvival response in sensory

neurons.*® SIAH2 is a ubiquitin E3-ligase that promotes breast
cancer growth by remodelling of the tumour microenvironment.>
These results suggest that chronic ITPR3 expression might trigger
an antiapoptotic response in liver cancer through modulation of
gene expression and proteasome activity.

DISCUSSION

The importance of ITPR3-mediated apoptosis is emerging as a
common theme in cancer biology,®” ** although ITPR3 can either
promote or inhibit apoptosis, depending on the type of tumour.
ITPRs can link to VDAC in the outer mitochondrial membrane
via grp735, which forms a ‘quasi-synapse’ that facilitates the trans-
mission of calcium from the lumen of the ER directly into mito-
chondria.*' Excessive mitochondrial calcium, in turn, triggers
the opening of the permeability transition pore,** ** with leakage
of mitochondrial contents into the cytosol and then induction of
apoptosis via formation of the apoptosome.*® ITPR3 is particu-
larly effective at modulating mitochondrial calcium and apop-
tosis.*® However, there is variability in the way that ITPR3 is
modulated and affects apoptosis among different tumour types.
For example, in both melanoma and mesothelioma, changes in
ITPR3 expression have been attributed to the loss of the tumour
suppressor BAP1, which binds to and stabilises ITPR3. Loss of
BAP1, therefore, leads to loss of ITPR3, which in turn reduces
apoptotic mitochondrial calcium signals.® In prostate cancer,
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Figure 7 Knockout of ITPR3 sensitises liver cancer cells to apoptosis (A) Representative western blot showing efficient elimination of ITPR3
expression in HepG2 cells by CRISPR-Cas9 in two separate clones. Expression of RFP as a marker for successful integration of the knockout cassette
in the genome of HepG2 cells (scale bar, 20 um). (B) Caspase 3/7 activity after treatment of HepG2 cells with STA is increased in ITPR3KO relative

to WT cells (values are mean+SEM, n=9 in each group, *p<0.01). (C) Similarly, the percentage of Annexin 5-positive cells is increased in ITPR3KO
cells when compared with WT cells on overnight treatment with STA (values are mean+SEM, n=4 in each group; *p<0.01). (D) ITPR3KO cells have
increased Caspase 3/7 activity when treated with Etoposide (values are mean+SEM, n=3 in each group; p<0.001). (E) Super-resolution image of a
representative HepG2 cell coexpressing EGFP-ITPR3 and mKO2-TOMM20 (mitochondrial marker). Top row: scale bar, 5 pm. Bottom row: scale bar,

1 pm. (F) Representative immunoblot for cleaved caspase 3 in hepatocyte lysates from control and 5’-aza-treated mice after STA treatment. (G)
Densitometric analysis showing that 5”-aza treatment prevents the increase of cleaved caspase 3 in hepatocytes (***p<0.01). (H) Percentage of YO-
PRO-1 - positive cells in HepG2 WT after STA treatment. The over expression of ITPR3 in HepG2 cells prevents apoptosis induced by STA . (I) Volcano
plot showing the expression of apoptotic genes in HepG2 WT cells compared with HepG2 ITPR3KO cells. Genes to the left of zero are downregulated
and the ones to the right of zero are upregulated in WT versus ITPR3KO. The genes represented by open symbols, SIAH2 and POU4F1, showed the
highest adjusted p-value. Grey symbols show genes with adjusted p-value >1.0. Black symbols represent the remaining genes. 5 ” -aza, 5 ” -azacitine;
DMSO, dimethyl sulfoxyde; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ITPR3, type 3 isoform of the inositol 1, 4, 5-trisphosphate receptor;
KO, knockout; RFP, red fluorescent protein; RLU, relative light units; STA, staurosporine; WT, wild type.

ITPR3 degradation has instead been linked to mutations in phos-
phatase and tensin homolog (PTEN), which normally competes
with FBXL2 to prevent it from binding to and degrading ITPR3.
In the absence of PTEN, or in the presence of certain mutant
forms, degradation of ITPR3 is increased, which leads to
decreased apoptosis.” A role for ITPR3 in colon cancer has been
demonstrated as well, and this also has been related to the effect
of ITPR3 on apoptosis.'* In this case, increased ITPR3 expres-
sion in colon cancer resection specimens was associated with
increased metastasis and decreased patient survival. Overexpres-
sion of ITPR3 also was associated with decreased apoptosis in
a colon cancer cell line, whereas knockdown of ITPR3 led to
increased apoptosis.'” The current work similarly found that
increased ITPR3 expression in HCC is associated with decreased

patient survival and that susceptibility to apoptosis is increased
when ITPR3 is deleted.

Our work also provides evidence that promoter demethyla-
tion is responsible for controlling de novo expression of ITPR3
in HCC. Although DNA hypomethylation is a common feature
of multiple cancers,* our results suggest that promoter methyla-
tion of the ITPR3 gene is a more specific event, because the closely
related genes ITPR1 and ITPR2 did not display changes in methyla-
tion or expression in HCC. Thus, ITPR3 expression might follow a
similar pattern to that of oncogenes such as c-jun and c-myc, whose
expression is similarly controlled by DNA methylation.*

It is unclear why ITPR3 promotes apoptosis in certain types of
malignancies but protects against it in others. One possible expla-
nation suggested by our findings is that overexpression of ITPR3
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initially promotes cell death, likely due to increased transfer of
calcium to nearby mitochondria, but surviving cells compensate
by developing an antiapoptotic gene expression programme.
Another possible explanation is that hepatocytes do not normally
express ITPR3,57° 50 in these cells, mitochondrial calcium signals
normally are due entirely to ITPR1."" Because ITPR3 has a lower
affinity than ITPR1 for Inst,46 it is possible that de novo expres-
sion of ITPR3 enables this isoform to decrease the overall respon-
siveness to InsP, in the ER-mitochondrial junction, leading to
decreased mitochondrial calcium signalling and apoptosis. A final
explanation relates to the recent observation that mitochondria in
cancer cells become ‘addicted’ to calcium so that loss or inhibition
of ITPR’s can lead to cell death,* although this is thought to result
in necrosis rather than apoptosis.

Of additional relevance to cancer biology is that calcium signals
in the nucleoplasm are necessary for tumour growth.” In the liver,
nucleoplasmic calcium signals can be selectively generated by
activation of receptor tyrosine kinases (RTKs). This occurs when
specific growth factors bind to their cognate RTKs, which then
translocate from the plasma membrane to the nucleus in order
to locally activate PLC, which then increases nucleoplasmic InsP,
that binds to nuclear ITPRs. This signalling pathway has been
demonstrated for the hepatocyte growth factor receptor c-met,’
the EGF receptor,* and the insulin receptor,'** each of which
may play a role in the development of HCC.* *® Furthermore,
ITPR3 is expressed not only in the ER but also in the nuclear
fraction in liver cancer cell lines, and nuclear ITPRs are more
sensitive than non-nuclear ITPRs to InsP, in these cells.’' This
raises the possibility that expression of ITPR3 in the liver leads
to enhanced calcium signalling in the nucleus as a contributing
factor to the development of HCC, consistent with what we
observed in 5’-aza-treated livers stimulated with vasopressin, a
known stimulator of liver growth.”? How our findings regarding
ITPR3 expression and its contribution to normal liver regen-
eration translate to cancer biology remains to be determined.
Although similar Ca®*-inducing agonists promote hepatocyte
proliferation after PH and tumour growth in HCC, it is not
known whether the underlying proliferative mechanisms involve
ITPR3 in similar ways. Additional work will be needed to deter-
mine whether and why there is an absolute requirement for de
novo expression of ITPR3 in the pathogenesis of HCC, as well
as whether it is a rational target for therapy.
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Abstract

The liver is a complex organ that performs several functions to maintain
homeostasis. These functions are modulated by calcium, a second messenger that
regulates several intracellular events. In hepatocytes and cholangiocytes, which
are the epithelial cell types in the liver, inositol 1,4,5-trisphosphate (InsPs)
receptors (ITPR) are the only intracellular calcium release channels. Three
isoforms of the ITPR have been described, named type 1, type 2 and type 3. These
ITPR isoforms are differentially expressed in liver cells where they regulate
distinct physiological functions. Changes in the expression level of these
receptors correlate with several liver diseases and hepatic dysfunctions. In this
review, we highlight how the expression level, modulation, and localization of
ITPR isoforms in hepatocytes and cholangiocytes play a role in hepatic
homeostasis and liver pathology.

Key words: Inositol 1,4,5-trisphosphate receptor; Liver; Calcium signaling; Hepatocytes
and cholangiocytes

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Calcium regulates a variety of functions in our body. In the liver, inositol 1,4,5-
trisphosphate receptors (ITPR) are the only expressed intracellular calcium release
channels. ITPR regulates liver functions under healthy situation, but they can also be
involved in liver diseases, depending for instance, in which isoform is expressed in a
specific cell type, level of expression and where inside the cell each isoform is
expressed. In this review, we discuss about ITPR roles in hepatic cells in physiological
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INTRODUCTION

The liver is an important and vital organ that regulates several functions, ranging
from drug and macronutrient metabolism to immune system support!~!. Essentially
all liver functions are at some point regulated by intracellular calcium (Ca?"). In
hepatocytes and cholangiocytes, the principal epithelial cell types of the liver, inositol
1,4,5-trisphosphate (InsP,) receptors (ITPR) are the only intracellular Ca*" release
channels®’l. There are three types of ITPR: type 1 (ITPR1), type 2 (ITPR2) and type 3
(ITPR3)1, and these receptors are expressed mainly along the endoplasmic and
nucleoplasmic reticulum!*'.

Dysregulation in the expression of ITPR can be a cause of several liver disorders, or
can be involved in the development of diseases, such as cholestasis!'’l and non-
alcoholic fatty liver disease (NAFLD)!". In this review, we will discuss the expression
and the physiological functions of each isoform of ITPR present in liver hepatocytes
and cholangiocytes as well as their role in disease (Table 1).

LIVER

The liver is the largest internal organ! and is responsible for drug metabolism,
albumin production, glycogen storage, cholesterol synthesis, bile secretion, and many
other functions!"’l. The liver is mostly composed of hepatocytes, which account for
80% of all cells in this organ!””l. The remaining 20% is composed mostly of
cholangiocytes, Kupffer cells, stellate cells and liver sinusoidal endothelial cells!"*l.
Macroscopically, the liver is divided in four anatomic lobes, called the left, right,
caudate and quadrate lobel'*""l. In each lobe the cells are organized in a specific
conformation, constituting a microscopic functional and structural unit, the lobule!"'*!
(Figure 1). In the lobule, the hepatocytes are arranged in cords, connecting the portal
triad to the central vein. In the space formed among the hepatocyte cords are the liver
sinusoidal endothelial cells, the Kupffer cells, which are the resident macrophages in
the liver, and the stellate cells, a cell type that stores vitamin A in its cytosol and
secrets hepatocyte growth factor (HGF)!'*],

As an epithelial cell, the hepatocyte is polarized, with a basolateral membrane in
contact with the sinusoids and an apical side forming the biliary canaliculus. The
biliary canaliculus is a virtual space between two hepatocytes, into which hepatocytes
secrete bile acids!". The biliary canaliculi join to form the bile duct, which is lined by
cholangiocytes, specialized cells that secrete electrolytes and fluids into the bile,
altering bile composition and viscosity. The bile duct conducts the bile to the
gallbladder, where it is stored until its content are needed to help lipid digestion!*"*.

Blood from the portal vein passes throughout the sinusoids and drains into the
central vein!"**l. Near the portal vein there are two other important structures: the
hepatic artery and the bile duct. Together, these structures form the portal triad. The
hepatocytes around this area are more highly oxygenated than those that are closer to
the central vein, because the blood reaches the portal triad first'. This region in the
lobule is called zone 1, while zone 2 is the transitional zone, and zone 3 is the region
near the central vein™*! (Figure 2). It has been shown that based on their zonal
position, hepatocytes regulate specific liver functions. For example, hepatocytes in
zone 1 are more involved in producing albumin and proteins of both the complement
system and coagulation pathway, while hepatocytes from zone 3 are more important
for drug metabolism and bile production!*.

Due to the key role of the liver in metabolism, hepatic tissue is continuously
exposed to insults from xenobiotics, toxic metabolites and infectious agents’”l. As
result of this, the liver has a remarkable capacity for regeneration. In mice, liver
functions are restored within days of removing two-thirds of the organ. This capacity
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Table 1 Functions of inositol 1,4,5-trisphosphate receptor isoforms in hepatocytes and cholangiocytes

ITPR isoform Cell type Function Ref.

[64]

ITPR1 Hepatocytes Glucose secretion
Lipid metabolism ]
Liver regeneration o671
Cholangiocytes Bicarbonate secretion [P
ITPR2 Hepatocytes Organic anion secretion 16,62,691
Liver regeneration (3711
Cholangiocytes bicarbonate secretion {261
ITPR3 Hepatocytes Physiologically absent e
Proliferation and survival of hepatocellular carcinoma v

. . . [12,61]
Cholangiocytes Bicarbonate secretion
. . . . p [52]
Proliferation, migration, and survival of
cholangiocarcinoma

ITPR: Inositol 1,4,5-trisphosphate receptor; ITPR1: ITPR isoform 1; ITPR2: ITPR isoform 2; ITPR3: ITPR isoform 3.

is also observed in humans for which liver function after partial hepatectomy is
reestablished within a few weeks/”. In many cases of liver disease, for which partial
hepatectomy is indicated as a treatment, a small piece of healthy liver is implanted to
drive hepatic tissue regeneration”*l. The path to regeneration depends on the extent
of liver loss. When 1/3 of the liver is removed, the primary response is hepatocyte
cellular hypertrophy, i.e., an increase in cell size. When liver loss reaches 2/3,
hepatocyte hyperplasia, an increase of the number of hepatocytes occurs to reestablish
liver function. When 80-90 % of the liver is removed, the biliary epithelial cells (BEC)
turn into progenitor cells, which differentiate into hepatocytes or BECP that are able
to regenerate the tissue. Liver regeneration is a complex process and the mechanism
by which the hepatocytes stop proliferating after reestablishment of liver function is
poorly understood. It is important to highlight that Ca** signaling, and consequently
the ITPR isoforms, play an essential role in liver regeneration, as discussed below.

CALCIUM SIGNALING AND ITPRs

Many biological functions are regulated by intracellular Ca*". These include cell
proliferation, gene expression, secretion, motility and cell death, among others™-*1. As
in other tissues, Ca** signaling in the liver starts with the binding of an agonist to a
receptor, which may be a G protein-coupled receptor (GPCR) (Figure 3) or a tyrosine
kinase receptor (RTK). Upon agonist-receptor binding, phospholipase C (PLC) is
activated (typically isoform PLCP3 when GPCR is activated or isoform PLCy after RTK
activation), causing breakdown of the membrane phospholipid phosphatidylinositol
4,5-bisphosphate (PIP,), that generates diacylglycerol (DAG) and InsP,. DAG remains
at the plasma membrane while InsP, diffuses into the cytoplasm where it can bind to
the InsP, receptor (ITPR) localized along the endoplasmic reticulum membrane,
nuclear envelope or nucleoplasmic reticulum. InsP,-ITPR binding causes a
conformational change in the ITPR, leading to the release of internal Ca*" stores*l.
InsP, is inactivated either after conversion to inositol 1,2-bisphosphate (InsP,) by type
I inositol polyphosphate 5-phosphatase or by InsP,3-kinase mediated
phosphorylation, forming inositol 1,3,4,5-tetrakisphosphate (InsP,)**1.

Because of the toxic effect of high concentrations of Ca?* to the cells, this ion is
promptly removed from the cytosol after its release. Different mechanisms are
involved in this process, including the activation of plasma membrane Ca*-ATPase or
Na*/Ca? exchanger that exports Ca?* out of the cell, while sarco-/endoplasmic Ca*'-
ATPase (SERCA) and mitochondrial Ca?" uptake 1 (MCU1) move Ca?" into the
endoplasmic reticulum and mitochondria, respectively™” .

The ITPRs are formed by approximately 2700 amino acids™*! and are organized in
three domains: a N-terminal domain, which includes the InsP,-binding region, a C-
terminal domain, which forms the channel pore, and a regulatory domain between
the other regions (Figure 4). ITPR is an intrinsic membrane protein, with 6
transmembrane segments!*'*?l. There are some sites along the ITPR structure that
regulate the activity of the receptor, or determine its localization by posttranslational
modifications (phosphorylation, ubiquitination, oxidation, and proteolytic frag-

Beishidonge WJG | https://www.wjgnet.com 6485 November 28,2019 | Volume 25 | Issue 44 |



Lemos FO et al. InsP3 receptor in the liver

Portal .
vein Bile
i duct
Hepatic
artery Central
vein
Kupffer .
cell
Hepatocytes O
¥ Cholangiocytes

/,, —_ Basolateral
(@ @
\‘\
Apical /

\
\
\
\
\
\

Hepatic lobule

Figure 1 The hepatic lobule-the microscopic functional structure of the liver. The hepatocytes are arranged in cordon, connecting the central vein to the portal
triad, which is formed by a hepatic artery, a portal vein and a bile duct. The other represented cell types are: Kupffer cell, resident macrophages responsible for the
immunologic response in the liver, and cholangiocytes which form the bile duct that transport bile to the gallbladder.

mentation) or by interaction with modulatory proteins, such as chromogranin A and
B, neuronal Ca?* sensor 1, cytochrome ¢, and antiapoptotic Bcl-2 family members!*1.
There are three isoforms of ITPR: type 1 (ITPR1), type 2 (ITPR2) and type 3 (ITPR3)®".
They share 70% homology!’!, however each isoform of ITPR displays a distinct
affinity to InsP;: ITPR2 has the highest affinity, ITPR1 has an intermediate affinity,
and ITPR3 has the lowest affinity!"**’l. In order to open the Ca*" channel, four InsP,
molecules need to bind to ITPRI. Moreover, Ca** ions directly modulate the open
probability of the channel”*?. ITPR1 displays what is called a “bell shape” open
probability curve, in other words, at lower concentrations of Ca** the ITPR1 releases
Ca?", while higher Ca?*" concentrations inhibit the channel™l. For ITPR3, the open
probability of the channel increases with increased Ca?* concentration™"], and the
ITPR2 dependence on Ca*" concentration remains controversial. While single-channel
studies show that ITPR2 displays the same configuration as observed for ITPR3,
studies with whole cells exhibit similarity with ITPR1"'*"], suggesting an effect of the
modulatory proteins on the ITPRs channel activity.

ITPRs are widely expressed, sometimes with the prevalence of a single ITPR
isoform in a specific tissue. For example, in the central nervous the main ITPR isoform
is ITPR1, regulating neurite formation among other functions™.. ITPR2 is the isoform
mainly expressed in cardiomyocytes, participating in heart rate and in the action
potential duration™!. In pancreatic tissue, ITPR2 and ITPR3 are involved in the
exocytosis of zymogen granules!*’.

In the liver, hepatocytes express ITPR1 and ITPR2!", whereas all three isoforms are
expressed in cholangiocytes!'”. Below, we discuss separately about the ITPR isoforms
in hepatic cells, focusing on hepatocytes and cholangiocytes, while indicating their
main function and expression pattern in normal condition and in liver disease.

ITPR1: Metabolism and electrolyte secretion

ITPR1 is expressed in both hepatocytes and cholangiocytes, corresponding to
approximately 20% of the total ITPRs present in these cells. It is localized along the
endoplasmic reticulum, throughout the cytoplasm and near the nucleus!®*"-*.

In normal liver tissue, ITPR1 regulates metabolism in hepatocytes!*-*’l. After
exposure to glucagon, mouse hepatocytes display an increase in ITPR1 phos-
phorylation by the activity of protein kinase A (PKA), raising intracellular Ca**
concentration that leads to glucose secretion!*’l. More evidence of the ITPR1 function
in liver metabolism was shown in obese (ob/ob) and high fat diet (HFD) mouse
models. Ob/ob mice and mice maintained on a high-fat diet (HFD) overexpress
ITPR1, increasing the amount of these Ca** channels in close proximity to the
mitochondrial®. In accordance with the increase in ITPR expression, cytoplasmic and
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Figure 2 The microenvironment in the hepatic lobules. A: Perfusion with fluorescein isothiocyanate albumin shows that the blood flow arrives in the liver by portal
vein, passes throughout the sinusoidal space, and drains into the central vein; B: Due to this blood flux, different zones of oxygenation are observed: zone 1, closer to
portal vein, is the most highly oxygenated and zone 3 is the least oxygenated. zone 2 is intermediary. The direction of bile flux is opposite to that of blood flow. The
bile acids excreted by the hepatocytes go to the bile duct through the biliary canaliculous.

mitochondrial Ca*" concentration is increased in obese mice, causing mitochondrial
dysfunction and impairment of metabolic homeostasis!*’l. Conversely, the reduction of
ITPR1 expression in the mouse liver, by short hairpin RNA technique, improved
glucose tolerance and mitochondrial metabolism!®). These results were validated in
ITPR1 liver-specific knockout mice (ITPR1 LSKO). ITPR1 LSKO mice are leaner and
display less hepatic steatosis after HFD, and also have reduced levels of triglycerides
and lipogenic gene expression. These metabolic alterations are in accordance with the
lower mitochondrial Ca* signal observed in isolated hepatocytes from ITPR1 LSKO
micel*’l. Translational studies corroborate these findings by showing that liver
specimens from non-alcoholic steatohepatitis (NASH) donors display increased
hepatic ITPR1 expression which is concentrated closer to mitochondria. Based on
these observations, it has been suggested that ITPR1 plays a role in steatosis in human
fatty liver diseases!”l.

Another function of ITPR1 in hepatocytes is related to the liver regeneration.
Knocking down ITPR1 in rat with small interfering RNA (siRNA), attenuates Ca**
signaling, and results in an impairment of hepatocytes proliferation after partial
hepatectomy, measured by proliferating cell nuclear antigen staining positive cells.
Consequently, the liver growth is diminished at the early phase (up to 48 h) of liver
regenerationl. The involvement of ITPR1 in the beginning of the liver regeneration
process is supported by the normal expression of this isoform immediately after the
partial hepatectomy, followed by a downregulation of ITPR1 afterwards!*’l.

In cholangiocytes, ITPR1, together with the ITPR2, are responsible for releasing
bicarbonate after the activation of type 3 muscarine receptor by acetylcholine. These
findings were observed by using intrahepatic bile duct units isolated from rat liver
tissue, previously transfected with ITPR1 and ITPR2 siRNA, and then by measuring
the luminal pH after acetylcholine exposition. It was shown that the bicarbonate
secretion was reduced in ITPR1 and ITPR2 knockdown cellsl®'l. Moreover, in
cholestasis, which is a disorder that causes bile accumulation, the expression of ITPR1
is decreased, similarly to what occur to the other ITPR isoforms!'?. These observations
suggest that the downregulation of ITPRs is an early event in the pathogenesis of
cholestasis. As a consequence of the decrease of ITPR1 expression in a rat model of
bile duct ligation, the Ca*" signal is reduced and the biliary bicarbonate secretion is
impaired in isolated cholangiocytes!'?. Together, these findings show that ITPR1
isoform plays a crucial role in hepatocyte metabolism and proliferation, as well as in
cholangiocyte secretory activity, which are essential functions for normal liver.

ITPR2: Bile acid /electrolyte secretion and liver regeneration

ITPR2 is considered the principal intracellular Ca** release channel expressed in
human and rodent hepatocytes!®®l. This isoform is mostly concentrated in the
canalicular membrane (apical region) of hepatocytes!®**’), and due to its localization
and high affinity for InsP,l***’], ITPR2 plays an essential role in bile formation!**’l.
ITPR2 modulates the multidrug resistance associated protein 2 (Mrp2), which is
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Figure 3 Calcium signaling. After the ligation of an agonist to its receptor, here represent by the ligation of
acetylcholine to muscarinic acetylcholine receptor, phospholipase C is activated and produces 1,4,5 inositol
triphosphate. The inositol 1,4,5-trisphosphate binds its receptor, inositol 1,4,5-trisphosphate receptor, that is
expressed mainly along the endoplasmic reticulum, leading to Ca®* release into the cytosol. Ach: Acetylcholine; M3R:
Muscarinic acetylcholine receptor; PLC: Phospholipase C; InsP,: Inositol 1,4,5-trisphosphate; ITPR: Inositol 1,4,5-
trisphosphate receptor; ER: Endoplasmic reticulum.

responsible for organic anion secretion into bile, such as bilirubin, glutathione S-
conjugates, and oxidized glutathione. Impairment of intracellular Ca* signal inhibits
the insertion of the Mrp2 into the apical plasma membrane in hepatocytes and
reduces organic ion secretion. Similarly, hepatocytes isolated from ITPR2 knockout
mice also presented decreased intracellular Ca* signaling, as well as impaired organic
ion secretion!™l.

Another bile salt transporter regulated by ITPR2 activity is the bile salt export
pump (Bsep), an important protein normally positioned along the canalicular
membrane of the hepatocyte. In a three-dimensional culture system of rat
hepatocytes, siRNA against ITPR2 significantly reduced bile salt secretion, correlating
with the downregulation and mislocalization of Bsep. Reduced bile secretion was also
observed when the pericanalicular localization of ITPR2 was disrupted by methyl-f3-
cyclodextrin to disturb lipid raftsi”l. Confirming the importance of ITPR2 to the
correct bile salt transporter localization and secretory activity, immunohistochemistry
analysis of hepatocytes from lipopolysaccharides (LPS) and estrogen cholestasis rat
models showed a reduction of ITPR2 expression level and its diffuse distribution,
different from its normal localization to the apical membranel*’. Conversely, fasting
causes a physiological upregulation of ITPR2 expression level. It was shown that
overnight fasting raises the mRNA and protein levels of ITPR2 in rat hepatocytes. It
happens by the activation of cAMP signaling caused by a fast-dependent increase of
serum glucagon levelst.

The correct expression level of ITPR?2 is also important for hepatocyte proliferation.
Downregulation of ITPR2 was observed in obese micel”’!, a condition that
compromises liver regeneration’?l. ITPR2 downregulation was also observed in
human liver specimens of patients diagnosed with steatosis and NAFLD, common
liver diseases associated with obesity!"’l. Recently, the connection between lower
expression of ITPR2 and impairment of liver regeneration in some liver diseases was
clarified!]. In both human biopsies of steatosis and NAFLD, as well as in a high
fructose diet induced rat model of NAFLD, the transcriptional factor c-Jun activates a
pro-inflammatory environment that negatively regulates ITPR2 expression in
hepatocytes!’”. As consequence of downregulation of ITPR2, a delay of liver
regeneration was observed. Similarly, ITPR2 knockout mice subjected to partial
hepatectomy showed more liver damage and decreased proliferation of
hepatocytes!'”l. This was a consequence of decreased nuclear Ca*' signaling, a
fundamental event for cell proliferation!'**?. ITPR2-knockout cells markedly reduced
nucleoplasmic Ca?* and proliferation rates compared to WT cells('l.

In cholangiocytes, ITPR2 represents about 10% of total ITPR, and is distributed
diffusely throughout the endoplasmic reticulum membrane in the cytosoll'?.
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Figure 4 Inositol 1,4,5-trisphosphate receptor structure. A: Linear structure of inositol 1,4,5-trisphosphate
receptor (ITPR). The inositol 1,4,5-trisphosphate (InsP,)-binding domain is located on the N-terminal region and the
pore channel is on the C-terminal region. The receptor spans organelle membrane six times; B: Tridimensional view
of ITPR showing that the receptor is formed by a 4 single chain. It is necessary that four InsP, molecules bind to the
receptor to lead the calcium releases by a pore of the channel. The tridimensional structure was adapted from
Molecular Modeling Database (National Center for Biotechnology Information). ER: Endoplasmic reticulum; ITPR:
Inositol 1,4,5-trisphosphate receptor; NR: Nucleoplasmic reticulum.

Functional studies showed that ITPR2 participates in the bicarbonate secretion by
cholangiocytes. As discussed above, ITPR1 and ITPR2 knockdown cholangiocytes
show a decrease in Ca** signal, and a reduction in Ca?*-dependent bicarbonate
secretion when stimulated by acetylcholine!”l. Similar observations have been made in
some cholestatic human diseases. The expression of ITPR2 is dramatically reduced in
cholangiocytes from samples of patients with bile duct obstruction and primary
biliary cirrhosis!”. In summary, the ITPR2 displays an essential function in the liver,
regulating bile formation and bicarbonate secretion, as well as regenerating
hepatocytes.

ITPR3: Cell proliferation and electrolyte secretion

In normal conditions, hepatocytes express ITPR1 and ITPR2 isoforms, but not the
ITPR3I. However, ITPR3 is present in several hepatocellular carcinoma (HCC) cell
lines”>7, as well as in NASH-related HCC’l. The mechanism of the “de novo” ITPR3
expression in hepatocytes in the context of HCC has been partially described and
involves epigenetic modification!™], which represents changes in the genome structure
that do not alter the nucleotide sequence. Examples include DNA methylation and
histone modification!”!. Recently, bioinformatics analysis showed that the ITPR3
promoter region has a large number of CpG islands!’" that can be methylated by DNA
methyltransferases, resulting in suppression of the genel’>””l. Due to high level of DNA
methylation at the ITPR3 promoter region, ITPR3 expression is repressed in
hepatocytes under normal conditions. However, the referred methylation level is
decreased in patients with HCC, allowing the expression of ITPR3 to be increased
under hepatocellular disease conditions!”*l. The expression of ITPR3 drives cell
proliferation besides preventing the apoptotic cascade activation”], events closely
related to tumor development. Together, these findings put the ITPR3 Ca* channel as
an essential factor that contributes to the pathogenesis of HCC.

Contrary to the normal hepatocytes, cholangiocytes constitutively express all three
isoforms of ITPR!, with the ITPR3 being the most widely expressed, constituting
approximately 80% of ITPRs in this cell type. ITPR3 mainly localizes to the apical
region of the cholangiocytes in rodents and humansll. This apical localization of
ITPR3 in cholangiocytes is important for its physiological function of secreting
bicarbonatel™. It was shown that downregulation of ITPR3 selectively disturbs the
cAMP-induced bicarbonate secretion'l. Different from ITPR1 and ITPR2, in which the
bicarbonate secretion is dependent on activation of muscarinic acetylcholine
receptors, ITPR3 leads to bicarbonate secretion by a cAMP-dependent cascade,
wherein activation of secretin receptor indirectly stimulates InsP, production and Ca**
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release via ITPR3[",

As described above to the other ITPR isoforms, the ITPR3 expression is pro-
gressively decreased in bile duct ligation cholestasis rat model. Downregulation of
ITPR3 was also observed after acute cholestasis, such as the endotoxin mouse model,
as well as in chronic cholestatic disease in human, e.g., bile duct obstruction, biliary
atresia, primary biliary cirrhosis, sclerosing cholangitis, and autoimmune
cholestaticl'”l.

Several intracellular mechanisms have already been elucidated as being responsible
for the loss of ITPR3 in cholangiocytes under pathological conditions. It was
demonstrated for instance that LPS inoculation activates Toll like receptor 4 in
cholangiocytes and, consequently, the transcription factor NF-xB. NF-xB then
associates to the ITPR3 promoter region, inhibiting its expression in cholangiocytes.
This mechanism is responsible for the loss of ITPR3 in patients affected by cholestasis
due to sepsis or severe alcoholic hepatitisl’!. In cholangiopathies under oxidative
stress conditions, including sclerosing cholangitis, primary biliary cholangitis,
primary biliary obstruction and biliary atresia, the nuclear erythroid 2-like
transcription factor 2 (Nrf2) is activated, acting negatively on ITPR3 expression!*’.
Finally, the ITPR3 expression is also negatively regulated by the microRNA miR-506
in patients with primary biliary cholangitist®'.

Conversely to the downregulation of ITPR3 in cholangiopathies and cholestasis,
this Ca?" channel becomes over-expressed in cholangiocarcinomal®?l. ITPR3
accumulates in ER-mitochondrial junctions in cholangiocarcinoma cell lines,
increasing mitochondrial Ca* signaling. Moreover, ITPR3 increases nuclear Ca*
signaling in cholangiocarcinoma, which contributes to cell proliferation, migration,
and survival®.

Together, these findings show that ITPR3 is absent in healthy hepatocytes but is
expressed in HCC and indicates that it may be a target to understand liver cancer and
its clinical implications. On the other hand, in cholangiocytes, ITPR3 is crucial to bile
formation and the decrease in its expression causes cholestasis, observed in many
liver diseases, while it is over-expressed in cholangiocarcinoma, contributing to
malignant features, such as cell proliferation, migration and survival.

CONCLUSION

In this review, we described several evidences of the role of the Ca** signaling, and
consequently the activity of ITPRs, in normal liver functions. Mislocalization and/or
change in expression level of these Ca** channels have been directly related to some
liver disease (summarized in Figure 5). The alterations in ITPR expression and
localization point these Ca?* channels as a valuable biomarker for prediction and
prognosis of hepatic disease. In addition to diagnosis for liver diseases, ITPR would
be a rational target for these pathological conditions. Epigenetic modification, pro-
inflammatory transcription factors and miRNA have already been associated to the
modulation of ITPR expression in pathological conditions. However, this field
remains to be better explored to elucidate the upstream cascade that drives ITPR
expression alterations. Better understanding of this pathway could open the
perspective of developing pharmacological strategies for liver diseases, specifically
targeting each ITPR isoforms.
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Figure 5 Inositol 1,4,5-trisphosphate receptors in the liver: Expression and functions. This figure summarizes, in green, Inositol 1,4,5-trisphosphate receptor
(ITPR) isoform expression in hepatocytes and cholangiocytes under physiological condition, and in red the expression level and function of each ITPR isoform in liver
diseases. ITPR1: ITPR isoform 1; ITPR2: ITPR isoform 2; ITPR3: ITPR isoform 3; ER: Endoplasmic reticulum; NAFLD: Non-alcoholic fatty liver disease; HCC:

Hepatocellular carcinoma.
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Fever Infection

Fernanda de Oliveira Lemos,'* Andressa Franca,"* Antonio Carlos Melo Lima Filho,'* Rodrigo M. Florentino,*

Marcone Loiola Santos,! Dabny G. Missiaggia,1 Gisele Olinto Libanio Rodrigues,2 Felipe Ferraz Dias "=,

3

Ingredy Beatriz Souza Passos,* Mauro M. Teixeira,” Antonio Mircio de Faria Andrade,’ Cristiano Xavier Lima,”*

Paula Vieira Teixeira Vidigal,7 Vivian Vasconcelos Costa,* Matheus Castro Fonseca,8 Michael H. Nathanson,’ and M. Fatima Leite!

Yellow fever (YF) is a viral hemorrhagic fever that typically involves the liver. Brazil recently experienced its largest

recorded YF outbreak, and the disease was fatal in more than a third of affected individuals, mostly because of acute

liver failure. Affected individuals are generally treated only supportively, but during the recent Brazilian outbreak, se-

lected patients were treated with liver transplant. We took advantage of this clinical experience to better characterize

the clinical and pathological features of YF-induced liver failure and to examine the mechanism of hepatocellular injury

in YF, to identify targets that would be amenable to therapeutic intervention in preventing progression to liver failure

and death. Patients with YF liver failure rapidly developed massive transaminase elevations, with jaundice, coagulopa-

thy, thrombocytopenia, and usually hepatic encephalopathy, along with pathological findings that included microvesicu-

lar steatosis and lytic necrosis. Hepatocytes began to express the type 3 isoform of the inositol trisphosphate receptor

(ITPR3), an intracellular calcium (Ca®*) channel that is not normally expressed in hepatocytes. Experiments in an

animal model, isolated hepatocytes, and liver-derived cell lines showed that this new expression of ITPR3 was associ-

ated with increased nuclear Ca®* signaling and hepatocyte proliferation, and reduced steatosis and cell death induced

by the YF virus. Conclusion: Yellow fever often induces liver failure characterized by massive hepatocellular damage

plus steatosis. New expression of I'TPR3 also occurs in YF-infected hepatocytes, which may represent an endogenous

protective mechanism that could suggest approaches to treat affected individuals before they progress to liver failure,

thereby decreasing the mortality of this disease in a way that does not rely on the costly and limited resource of liver

transplantation. (Hepatology Communications 2020;4:657-669).

he yellow fever virus (YFV) is the prototypi-
cal member of the Flaviviridae family, which
also includes viruses such as hepatitis C virus,
dengue, West Nile, Zika, and Japanese encephalitis.(l’z)
Yellow fever (YF) is endemic in 47 countries across

Africa and Central and South America,(3) and over

2,000 cases were reported in the Brazilian outbreak
between July 2016 and June 2018.%) The infection
was fatal in more than one-third of these patients,
and the lethal cases were mostly attributed to acute
liver failure.®) Therefore, YF remains a major health
problem despite intense study about transmission

Abbreviations: 5mC, 5-methyl cytosine; ANOVA, analysis of variance; ATP, adenosine triphosphate; dpi, days post-infection; EGE epidermal
grown factor; ER, endoplasmic reticulum; FBS, fetal bovine serum; HCC, hepatocellular carcinoma; HESE, hematoxylin & eosin; ICG, indocyanine
green; IFN, interferon; IHC, immunobistochemistry; ITPR, inositol trisphosphate receptor; KO, knockout; MAM, mitochondria-associated membranes;
MOIL multiplicity of infection; mRINA, messenger RNA; PCNA, proliferating cell nuclear antigen; PCR, polymerase chain reaction; PFU, plaque-
Sforming unit; R3KO, knockout for ITPR3; RPMI, Roswell Park Memorial Institute; UFMG, Universidade Federal de Minas Gerais; YF yellow
Sfever; YEV, yellow fever virus; YF V]7DD’ YFV 17DD wvaccine substrain; YF VWT YEV wild-type strain; W, wild type.
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and prophylaxis of the virus and the availability of an
effective vaccine. The pathogenesis of the liver disease
caused by YFV is poorly understood; indeed, treatment
of infected individuals has typically been limited to
supportive measures. During the recent Brazilian out-
break, however, selected patients with liver failure were
considered for urgent liver transplant.(6’7) This pro-
vided the opportunity to more carefully characterize
the clinical and pathological features of YF-induced
acute liver failure and to investigate the cell biology of
its pathogenesis. Calcium signals in hepatocytes regu-
late pathological processes that are known to occur in
YF including changes in cell Proliferation, lipid droplet
formation,(7) and cell death.®® Therefore, we exam-
ined cellular and molecular alterations in the calcium
signaling machinery in livers of patients infected with
YFV and in isolated liver cells and an animal model.

Materials and Methods
HUMAN LIVER SPECIMENS

Human liver samples and clinical data from patients
with YF were obtained under the auspices of protocols
approved by the Ethics Committee of Hospital Felicio

HEPATOLOGY COMMUNICATIONS, May 2020

Rocho (Belo Horizonte, Brazil) number CAAE:
90780318.9.0000.5125. YF specimens were from
explanted livers, posttransplant liver biopsy of a patient
who presented retroperitoneal bleeding 48 hours after
the liver transplant, and autopsies of patients hospi-
talized at Hospital Felicio Rocho in the 2018 YF
outbreak. Healthy liver samples were obtained from
biopsies of pretransplant liver grafts. YF diagnosis
was confirmed by real-time polymerase chain reaction
(PCR) in all cases. Patient selection for orthotopic

liver transplantation was based on Clichy criteria.”

CELLS

HepG2 wild-type (WT) and inositol trisphos-
phate receptor (ITPR) 3 knockout (KO) cells were
obtained from the laboratory of Dr. M. Nathanson
(Yale University), maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine

serum, and kept at 37°C in 5% CO,,.

PRODUCTION OF VIRUSES AND
PLAQUE ASSAY

For in vitro and in vivo experiments we used two YFV
strains: (1) the 17DD vaccine substrain (YFV,,0),
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kindly donated by the Reference Laboratory for
Flavivirus, Fiocruz, Brazilian Ministry of Health, and
(2) The WT strain (YFV\,), which was isolated in our
Laboratory from a clinical specimen of serum from a
symptomatic patient from the 2018 outbreak in Minas
Gerais. 17DD virus stocks were passaged at a multi-
plicity of infection (IMOI) of 0.01 in Vero cells (ATCC
CCLS81, existing collection in our laboratory from
Banco de Células do Rio de Janeiro [BCR]J, access code
0245]) in Roswell Park Memorial Institute (RPMI)
medium (Cultilab, Campinas, Brazil) supplemented
with 10% segmented filamentous bacteria for 5 days
at 37°C. The YFV,; virus strain was propagated in
mosquito cells (Aedes albopictus clone C6/36 [ATCC
CRL-1660, existing collection in our laboratory from
BCRYJ, code 0343]) in L15 medium supplemented with
10% fetal bovine serum (FBS) (Cultilab) and main-
tained at 28°C. YFVy isolation was confirmed by
real-time PCR as described subsequently. To concen-
trate the virus, 50 mL of the cell culture supernatant
was loaded onto a VivaCell 100 centrifugal concentra-
tor (Sartorius, Gottingen, Germany) and centrifuged at
2,000g for 10 minutes, and the supernatant remaining
in the concentrator was aliquoted and stored at -80°C.
For quantification of virus, Vero cells were grown to
a confluent monolayer in RPMI 1640 medium with
10% FBS (Cultilab) and 1% penicillin-streptomycin-
glutamine (Gibco) in 24-well plates at 37°C. The virus
was serially diluted in serum-free medium and then
inoculated into the cells at 37°C with gentle shaking
every 15 minutes for 1 hour. Next, the medium was
replaced with RPMI 1640 medium containing 2% car-
boxymethylcellulose and 2% FBS (Cultilab) (overlay
medium) and the culture kept at 37°C. After 5 days, the
cells were fixed in 3% formalin in phosphate-buffered
saline for 1 hour, washed, and stained with 1% crystal
violet in 10% formalin solution for 1 hour. Plates were
washed with water, and plaques were counted manually.

ANIMALS AND YF MOUSE
INFECTION

In vivo experiments were conducted using type I
INF receptor deficient mice (A12977) on a SV129
background. The A129”" mice were originally from
the Jackson Laboratories (reference 010830) and were
obtained from Bioterio de Matrizes da Universidade
de Sao Paulo and kept under specific pathogen-free
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conditions at the Immunopharmacology Lab at the
Universidade Federal de Minas Gerais (UFMG). This
mouse model was used because its use has already
been described for studying the pathogenesis of YF.1*
In particular, this model recapitulates key features of
fatal human YF infection, including death, YFV rep-
lication and dissemination, proinflammatory cyto-
kine release, and severe pathology in visceral organs,
including the liver."”” The rationale for using the
A1297 strain is that the resistance of mice to fatal
viscerotropic YFV infection is mediated by interferons
(IFNs), as it appears to be for dengue virus."" Mice
were housed in filtered cages with autoclaved food
and water available ad /ibitum on ventilated shelves
(Alesco, Monte Mor, Brazil). Mice were housed under
standard conditions with controlled temperature
(18°C-23°C), humidity (40%-60%), and 12/12-hour
dark-light cycle. Sample sizes for in vivo studies were
determined using the G*Power 3.1 software pack-
age. The experimental protocol was approved by the
Committee on Animal Ethics of the UFMG (permit
protocol no. 84/2018). All surgeries were performed
under ketamine/xylazine anesthesia. Studies with YFV
were conducted under biosafety level 2 containment
at Immunopharmacology Lab from the Instituto de
Ciencias Bioldgicas at the UFMG.

For the experiments, adult male and female
A1297" mice (7-9 weeks old, 20-22 g) were inoc-
ulated with different inoculums of either YFV
or YFV, viruses’ strains through intravenous
route/200 pL (tail vein). Control (noninfected) mice
received 200 pLL of C6/36 cell culture supernatant
also through intravenous route (tail vein). Morbidity
parameters such as lethality rates and bodyweight
loss were evaluated daily. For clinical analysis, a
kinetic of infection was performed and analysis
was conducted on days 1, 3, and 6 following YFV

infection.

STATISTICAL ANALYSIS

Data are presented as arithmetic mean + SEM
unless otherwise indicated. For statistical analysis,
means between two groups were compared by Student
¢ test, and comparisons among groups were analyzed
by one-way analysis of variance (ANOVA) followed
by Bonferroni’s posttest. A P value of 0.05 or less was
considered statistically significance.
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FURTHER METHODOLOGICAL
DETAILS

Detailed additional materials and methods are
available in the Supporting Information.

Results

CLINICAL, PATHOLOGICAL,
AND CELL BIOLOGICAL
CHARACTERISTICS OF YFV-
INDUCED LIVER FAILURE

We examined clinical presentations (Table 1)
and liver biopsies (Fig. 1 and Supporting Fig. S1) of
YFV-infected patients who were considered for liver
transplant at Hospital Felicio Rocho, Belo Horizonte,
Brazil, during the 2018 outbreak. Fourteen patients
were admitted, most of whom transferred from other
hospitals specifically for transplant evaluation. Thirteen
patients were male (92.8%) with an average age 47 (22-
67 years), and all patients were exposed to forested areas.
All but 1 of the patients were not vaccinated. Eight of
the patients were deemed appropriate for listing for liver
transplantation. These patients had high serum levels of
transaminases at admission (9,000-27,000 U/mL), with
aspartate aminotransferase > alanine aminotransferase;
6 developed acute kidney injury and required hemodial-
ysis. All patients had severe coagulopathy, with throm-
bocytopenia (18,000-55,000), elevated international
normalized ratio (1.5-10.0), and low factor V activity
(11%-30%). Serum bilirubin also was elevated in nearly
all of the patients, although serum alkaline phosphatase
was in the normal range (not shown), suggesting that
liver failure was due entirely to hepatocellular injury.
Patients developed hepatic encephalopathy between 6
and 11 days after onset of symptoms, and progression
from grade I to grade IV (24 hours) and then to death
(36 hours) was very fast. After listing, 4 patients (50%)
underwent orthotopic liver transplantation, whereas
the other 4 died on the waiting list after a median of
24 hours. Two of the 4 transplanted patients died: one
3 hours after liver transplantation due to primary graft
nonfunction, and the other 3 days after liver transplan-
tation due to septic shock. The 2 patients who survived
received sofosbuvir from 2 days before the surgery until
8 days following transplant. Both of these patients were
in good health 18 months later.
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TABLE 1. CLINICAL DATA OF PATIENTS HOSPITALIZED AT HOSPITAL FELICIO ROCHO IN 2018 YF OUTBREAK

Transplantation

Creatinine

Platelets
(per mL)

HEPATOLOGY COMMUNICATIONS, May 2020

Outcome

Encephalopathy (days)

Lactate (IU/L)

NN (mg/dl)

Bilirubin (mg/dL)

ALT (IUL)

AST (IUL)

Gender

Age (years)

Patient

Dead

133
61

12.4

2.9
2.3
>10
1.81

17.2
3.54
8.16

2,282
4,648
7.206
2,463
4,509
7,446
3,987

9,693
7,900

8,151

M
M
M
M
M
M
M
M

53
64
37

29,000
26,000
58,000
89,000
58,000

Alive
Dead

6.48
7.1

164
40

Alive

8.74
8.81

5.12
6.81

5,160
8,707
12,590
8,572
8,451

49
39
58
69
57

Dead

125
42

2.9

Alive

1.65
>10
4.4

12,000
35,000
29,000
46,000
56,000

Dead

135
184
115

8.11

5.9

10.1
4.47

Dead

7.49
5.06

3,854

Dead

>10

9,680

28,266

F

57

20
20
8
41
15

0.77
0.92
1.2
1.46
0.82

1.12
1.7
1
2.9
1

5.41
13.47
1.02
8.15
0.49

2,215
3,926
2,126
2,992
288

63 M 3,650

23 M 18,000 9,471

45 M 79,000 2,790
M 13,207
M 157

47
40

38,000
49,000

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; INR, international normalized ratio; N, no; Y, yes.
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Histological analysis of liver biopsy specimens
showed severe hepatocellular damage throughout
the hepatic lobule in the explants, while grafts devel-
oped mild injury in the midzone region (Fig. 1A and
Supporting Fig. S1A). Pathological changes in explants
included steatosis, lytic necrosis, hemorrhage, and
inflammatory infiltrates, similar to what was described
in a recent case report,”) and consistent with the
clinical presentations of these patients. Pathological
changes in midzonal hepatocytes of grafts included
swelling, steatosis, apoptosis, and lytic necrosis (Fig. 1A,
middle panel). All biopsy specimens also showed pos-
itive staining for the flavivirus envelope protein 4G2
(Fig. 1B and Supporting Fig. S1B), confirming the
association between liver injury and YFV infection
in these patients. Transmission electron microscopy
(TEM) analysis demonstrated microvesicular steato-
sis in the YFV-infected hepatocytes (Fig. 1C), with a
3-fold increase in the number of lipid droplets relative
to what was observed in normal control hepatocytes.
Both steatosis and certain types of cell death have
been linked to alterations in mitochondrial calcium
signals in hcpatocytes,(lz'm)
from aberrant expression of the ITPRs that con-
duct calcium from the endoplasmic reticulum (ER)
into mitochondria at mitochondria-associated mem-
branes (MAMs).™ TEM analysis also showed that
YFV-infected hepatocytes displayed mitochondrial
alterations, including dissolved mitochondrial crests
and presence of membrane pores, and an increased
amount of MAMs, but no change in the total number
of mitochondria (Fig. 1C). Transmission of calcium
into mitochondria depends on which ITPR isoforms
are expressed at the MAM, "> which varies amon,
cell types and can change in discase states. 311718
Therefore, we examined whether expression of each of
the three ITPR isoforms was altered in YF.

ITPR1 and ITPR2 are the isoforms principally
expressed in normal hepatocytes,(19’20) although
hepatocytes begin to express ITPR3 as well in chronic
liver diseases and in liver cancer, where it is responsi-
ble for certain pathological effects.*"?? Unexpectedly,
ITPR3 expression markedly increased in hepato-
cytes during YF infection (Fig. 1D and Supporting
Fig. S1C). Cytoplasmic, perinuclear, and nuclear
ITPR3 staining was observed in hepatocytes in both
explants and grafts (Fig. 1D). In contrast, there was
no change in expression of ITPR1 (Supporting Fig.
S1C), which is the isoform that normally localizes to

which in turn may result
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the MAM in hepatocytes,"* whereas ITPR2 expres-
sion was increased but to a much lesser extent than
ITPR3 (Supporting Fig. S1C-E). Demethylation
of its promoter can increase ITPR3 expression in
hepatocytes,m) and viral infection can promote DNA
demethylation,®**¥ so we analyzed the general meth-
ylation state in human YFV-infected tissue by exam-
ining tissue staining for 5-methyl cytosine (5mC), the
methylated form of the DNA base cytosine targeted
to DNA demethylases (Fig. 1E). Hepatocytes from
normal liver were mostly positively stained (Fig. 1E,
left panel), while hepatocytes were not labeled in
either mild or severe liver injury from YFV (Fig. 1E,
middle and right panels, respectively). Together,
these findings demonstrate that YF infection induces
hepatocytes to express ITPR3 and suggest that this
occurs through DNA demethylation.

MOUSE MODEL OF YFV
INFECTION REPLICATES
HISTOLOGICAL AND
FUNCTIONAL CHARACTERISTICS
OF LIVER INVOLVEMENT IN
HUMAN DISEASE

An animal model was used to investigate the
mechanism of YF-induced liver injury and the role
of ITPR3 in this. IFN a/p receptor KO SV129
mice were infected with YFV, and the time-course
of ITPR3 expression was monitored. Mice were
infected with either the attenuated YFV strain
(YFV,,5p) used in the YF vaccine (Fig. 2) or with
a sylvatic YFV strain (YFVy,) that was isolated
from a patient with YFV-liver failure in February
2018 (Supporting Fig. S2). Both strains caused loss
of body weight and death (Fig. 2A and Supporting
Fig. S2A). YFV .5, reduced survival by 20% at
4 x 10* plaque-forming units (PFU) 7 days post-
infection (dpi) (Fig. 2A), while all mice died by 7 dpi
with 4 x 10" PFU of YFV,y1 (Supporting Fig. S2A).
Therefore, 4 x 10* PFU injections were used for fur-
ther studies. Quantitative RT-PCR showed YFV ;5
messenger RNA (mRNA) in the mouse liver at 3 dpi,
although the virus was not detected at 1 dpi and was
completely eliminated by 6 dpi (Fig. 2B). Kinetics of
indocyanine green (ICG) clearance from the blood
was used to assess liver function in the YFV, -
infected mice (Fig. 2C). There was a significant
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survival curve (right panel) after inoculums of 4 x 10% to 4 x 10° PFU. (B) Quantitative RT-PCR analysis of YFV viral load in the mice
livers on 1 dpi, 3 dpi, and 6 dpi after inoculation of 4 x 10* PFU. Results are expressed as mean + SEM (*P < 0.01 and **P < 0.001
using ANOVA, Bonferroni’s posttest). (C) Liver function measured by the ICG clearance after inoculation of 4 x 10* PFU. Bars indicate
mean + SEM of samples from 3-6 animals/group (**P < 0.001 and ***P < 0.0001 using ANOVA, Bonferroni’s posttest compared with
mock samples). (D) Representative H&E-stained liver slices of mock and YFV . inoculated animals on 1 dpi, 3 dpi, and 6 dpi. Scale bar:
50 pm and 100 pm. Arrows indicate hydropic degeneration characterized by the presence of swollen hepatocytes with clear and vacuolated
cytoplasm and central nucleus. (E) Images of high-resolution light microscopy of 300-pm-thick liver sections stained with toluidine
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and steatosis analyzed in high-resolution images of 300-nm-thick sections (right panel). (F) Representative immunofluorescence images
of isolated hepatocytes stained with Bodipy (green) and 4',6-diamidino-2-phenylindol (blue) from mock and YFV ;5 3-dpi inoculated
animals (upper panel) (scale bar: 20 pm). Bottom panel shows the quantification of lipid droplets (number/cell). Bars indicate mean =+
SEM of samples from three animals/group (***P < 0.0001 using Student # test). (G) ITPR3 expression is increased in liver 3 and 6
days after infection of mice with YFV .. Left panel shows representative blots for ITPR3 expression in liver lysates from mock, and
YFV, ., 1-dpi, 3-dpi, and 6-dpi inoculated animals. Each lane reflects the blot for the lysate from a separate animal. Right panel shows
quantification of ITPR3 expression, normalized by b-actin. Bars indicate mean + SEM of samples from 3-6 animals/group (*P < 0.01
and P < 0.001 using ANOVA, Bonferroni’s posttest compared with mock samples). (H) Demethylation sites on cytosine-guanine
dinucleotide (CpG) islands in mouse ITPR3 promoter region after 3 dpi with YFV/ ;) virus. Black dots represent methylated sites, and
white dots represent demethylated sites. Quantification of methylated/demethylated CpG island ratio in mock and YFV-infected liver
samples. Abbreviations: IB, immunoblot; Nu, nucleus.
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increase in ICG concentration in the blood after 1,
3, and 6 dpi, reflecting hepatic impairment, although
the ICG concentration returned to normal at 10 dpi.
Hematoxylin and eosin (H&E) stained liver speci-
mens were microscopically examined. Hepatocytes
displayed discrete hydropic degeneration (swollen
cells with clear and vacuolated cytoplasm and central
nucleus) in response to inoculation with 1 or 3 dpi of
YFV . (Fig. 2D) or YEV i1 (Supporting Fig. S2B);
however, at 6 dpi, liver tissues were similar to controls.
The frequency of apoptosis, steatosis, necroptosis,
and necrosis were analyzed in 300-nm-thick sections
stained with toluidine blue, and showed a progressive
increase following infection, regardless of whether
animals were infected with YFV o (Fig. 2E)
or YEVy;- (Supporting Fig. S2C). Hepatocytes iso-
lated from YFV ,-infected mice at 3 dpi displayed
an increased number of Bodipy-labeled lipid droplets
compared with control hepatocytes (Fig. 2F). As in
patients, livers of YFV-infected mice began to express
ITPR3 (Fig. 2G and Supporting Fig. S2D). Western
blot analysis demonstrated that expression of ITPR3
was significantly increased 3 dpi and 6 dpi in mice
infected with either YFV . (Fig. 2G) or YFV .
(Supporting Fig. S2D). Similarly, 5mC staining
showed that DNA methylation was decreased at 3 dpi
with YFV ;. (Supporting Fig. S2E) compared with
the noninfected group. Sequencing the ITPR3 pro-
moter region of liver samples from mice at 3 dpi after
YFV, ., (Fig. 2H) or YFV . infection (Supporting
Fig. S2F) confirmed demethylation,
with this being responsible for the new expression
of ITPR3 in infected hepatocytes. Together, these
results show that o/f KO SV129 mice infected with
YFV display cellular and molecular alterations in the
liver that are similar to what is observed in humans,
including de novo expression of ITPR3.

consistent

ITPR3 EXPRESSION IN
HEPATOCYTES PROTECTS
YF-INFECTED LIVER

To investigate the effects of YF-induced de novo
expression of ITPR3 in hepatocytes, experiments were
performed in the liver-derived HepG2 cell line, which
constitutively expresses ITPR3.%%%) These cells were
compared with knockout for ITPR3 (R3KO) HepG2
cells, in which CRISPR was used to delete ITPR3
(Fig. 3A).?
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Calcium signal indicates the increase of free Ca®*
in a cell compartment relative to the basal level elic-
ited by an agonist that directly or indirectly activates
a calcium-dependent cascade. Cytosolic calcium sig-
nals were increased in YFV ., y-infected cells relative
to uninfected controls. The amplitude of the calcium
signals was more than 3-fold greater in infected WT
cells, but less than 2-fold greater in infected R3KO
HepG2 cells, each relative to their uninfected con-
trols (Fig. 3B,C). Calcium signaling can be regulated
independently in the nucleus,®” and nuclear calcium
signals modulate progression through the cell cycle,
hepatocyte proliferation, and liver regeneration, ="
so we investigated Ca®* signaling in the nucleus as
well (Fig. 3D). YFV ., infection enhanced nuclear
Ca®* signals in both WT and R3KO cells, relative to
uninfected cells. However, the amplitude of the nuclear
Ca®* signal was about 2.2-fold more pronounced in
WT than in R3KO HepG2 cells (Fig. 3D). Consistent
with this, a higher proliferation rate was observed in
YFV, . pp-infected HepG2 cells compared with mock
cells, whereas YFV ;5 did not induce proliferation
in R3KO HepG2 cells (Fig. 3E). Moreover, cells
lacking I'TPR3 were more susceptible to the cytotoxic
effect of YFV .y (Fig. 3F). This increased cytotoxic
activity may have been due in part to the induction
of apoptosis; Annexin V-positive cells were more
prevalent in YFV, ., -infected R3KO HepG2 cells
than in uninfected cells, but not in YFV ., -infected
WT HepG2 cells relative to their uninfected con-
trols (Fig. 3F). Additionally, lipid droplet formation
was higher in R3KO HepG2 cells than in WT cells,
and this was even more pronounced after YFV,.
infection (Fig. 4A). This preferential increase in ste-
atosis in R3KO HepG2 was not related to mito-
chondrial Ca®* signaling, because the amplitude of
mitochondrial Ca®* signals was increased to a similar
extent in R3KO and WT HepG2 cells infected with
YFV, . (Fig. 4B). However, the expression of cptlb
and VLCAD, which are genes related to p-oxidation,
was down-regulated in YFV, . -infected R3KO
HepG2 cells, whereas VLCAD was up-regulated in
WT HepG2 cells (Fig. 4C,D). Therefore, the steato-
sis observed in R3KO HepG2 cells may have been
due at least in part to inhibition of f-oxidation, which
is responsible for breakdown of fatty acids derived
from lipolysis of lipid droplets.*” YFV, 5 caused
down-regulation of mRNA levels of the lipogenesis
genes SREBP1 and FAS in both HepG2 cell lines,
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FIG. 3. ITPR3 expression is protective in a YF-infected, liver-derived cell line. (A) Representative confocal images of HepG2 ITPR3
KO (HepG2 R3KO) cells and western blot for ITPR3 expression in HepG2 and HepG2 R3KO cells. (B) Confocal images of HepG2
and HepG2 R3KO cells loaded with Fluo-4/AM (6 pM) and stimulated with 40 pM ATP. The cells were infected with 50 MOI of
YFV ., strain 24 hours before the Ca?" analysis (scale bar: 20 pm). (C) Representative time-course of total Ca®* signal (upper panel),
quantification of the peak fluorescence following stimulation with ATP (bottom-left panel), and percentage of responsive cells to increase
of cytoplasmic Ca? signal (bottom-right panel). (D) Representative time-course of nuclear Ca? signal in the cells loaded with Fluo-
4/AM (6 pM) (upper graph). Bottom-left panel graph shows quantification of the peak fluorescence, and bottom-right graph shows
percentage of responsive cells to increase of nuclear Ca®* signal following stimulation with ATP. (E) Crystal violet proliferation assay 1
dpi with 50 MOI of YFV .. (F) YEV . cytotoxicity. Cell viability was measured by lactate-dehydrogenase release by the cells 1 dpi
with different YEV, o) inoculums (left panel). Proportion of apoptotic cells at day 1 of YFV, .,y 50 MOI infection, measured by flow
cytometer analysis for annexin V—positive cells (right panel). Bars indicate the average values of samples from 3-6 biological replicates
(>20 cells/replicate for Ca? signaling analysis). Significance was analyzed by the ANOVA, Bonferroni’s posttest (*P < 0.05, **P < 0.01,
P < 0.001, and ***P < 0.0001) compared with mock samples. Abbreviations: IB, immunoblot; LDH, lactate dehydrogenase; ns, no
statistical difference.

but more pronounced in R3KO HepG2 cells than in  from YFV,,-infected mice than in mock hepato-
WT (Fig. 4E)F). These findings are consistent with  cytes (Fig. 5B,C, respectively). Cytosolic and nuclear
the idea that ITTPR3 stimulates nuclear Ca** signal- Ca®" signals in YFV,,pp-infected hepatocytes were
ing, cell proliferation, and lipolysis in YFV-infected also more pronounced in cells stimulated with ATP
hepatocytes, which collectively mitigates the deleteri-  (Supporting Fig. S3A-C, respectively). ITPR3 expres-
ous effects of the infection. sion was increased in the nucleus of YFV, ., s-infected

To further investigate the effects of YFV infection hepatocytes, with its expression peak at 3 dpi (Fig. 5D),
on ITPR3 expression and calcium signaling, these and this was associated with a higher number of
were examined in freshly isolated primary mouse proliferating cell nuclear antigen (PCNA)-positive
hepatocytes. Cells were stimulated with either epider-  hepatocytes in the YFV ., -infected mice as well
mal growth factor (EGF) (Fig. 5A) or adenosine tri-  (Fig. 5E). Specifically, nuclear staining for PCNA, a
phosphate (ATP) (Supporting Fig. S3), because both  marker for proliferation, was significantly increased
of these stimuli are important for calcium-mediated in YFV, -infected mice at 1 dpi, 3 dpi, and 6
hepatocyte proliferation and liver regeneration. (32-35) dpi (Fig. 5E). Consistent with these findings, a
The amplitude of both cytosolic and nuclear Ca** marked increase in PCNA staining was observed in

signals induced by EGF was higher in hepatocytes the livers of YFV-infected patients with either mild
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(Fig. 5F, middle panel) or severe (Fig. 5F, right panel)
liver disease. Together, these results suggest that
ITPR3 expression induced by YFV infection triggers
a regenerative mechanism through a nuclear Ca®*
increase, in an attempt to protect the liver by stimu-
lating hepatocyte proliferation.

Discussion

Despite extensive knowledge about YFV trans-
mission and prophylaxis,(36) this infection remains a
major threat to human health, and understanding of
its pathogenesis remains limited. Here, we character-
ized the clinical and pathological findings in patients
evaluated for liver transplant because they developed
acute liver failure from their infection. The current
findings complement and extend other recent clinical
observations of YF liver failure, including the presence
of massive hepatocellular necrosis and microvesicular
steatosis, plus the rapid progression of coagulopa-
thy, encephalopathy, and acute kidney injury.(5_7’37)

666

Hepatocytes of infected patients also began to heav-
ily express ITPR3, a calcium channel that is normally
absent or minimally expressed in hepatocytes.(19’20’38)
This change was observed in a mouse model of YEV
infection as well.

New expression of ITPR3 occurs in a variety of
chronic liver diseases, and becomes more pronounced
in hepatocellular carcinoma (HCC).m) In that set-
ting, pathological effects such as enhanced prolifera-
tion and resistance to apoptosis have been attributed
to the ITPR3.%? We report that ITPR3 can also
become expressed in acute liver injury. Some of the
ITPR3 in YFV infection localizes to the nucleus,
where it is positioned to contribute to the enhanced
nuclear calcium signaling observed here. This may
have important therapeutic implications, as hepato-
cyte proliferation is dependent on calcium signals
in the nucleus,?® and the growth factors that are
principally responsible for liver regeneration exert
their effects by selectively activating nuclear calcium
signaling pathways.?"%%% Tt is less clear whether
ITPRs that are localized to MAMs play a role in the
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FIG.5. YF infection increases Ca** signals in the nucleus and enhances proliferation of hepatocytes. (A) Confocal images of hepatocytes
isolated from liver tissue of 3-dpi YFV . -infected mice. Cells were loaded with Fluo-4/AM (6 pM) and stimulated with 100 ng/mL
EGF (scale bar: 20 pm). (B) Representative time-course of total Ca™ signal (left panel) and quantification of the peak fluorescence
following stimulation with EGF (right panel). (C) Representative time-course of nuclear Ca** signal (left panel) and quantification of the
peak fluorescence of nuclear Ca? signal following stimulation with EGF (right panel). (D) Nonnuclear and nuclear protein fractions of
liver lysates from mock, 1-dpi, 3-dpi, and 6-dpi YFV - -infected animals were tested for ITPR3 expression by western blot. Left panel
shows representative blots; middle and right graphs show quantification of ITPR3 in nonnuclear and nuclear protein fractions. (E) IHC
images of liver slices stained for PCNA in mock and YFV .- -infected animals on 1 dpi, 3 dpi, and 6 dpi (left panel). Scale bar: 100 pm.
Quantification of PCNA-positive cells is shown in the right graph. (F) PCNA staining of liver slices from a healthy patient (left panel),
YFV-infected hepatic human tissue from a graft biopsy with mild liver disease (middle panel), and an explant sample from a patient with
severe hepatic disease (right panel). Scale bar: 50 pm. Bars indicate the average values of samples from three to six biological replicates (>20
cells/replicate for Ca®* signaling analysis). Significance was analyzed by Student 7 test or the ANOVA, Bonferroni’s posttest (“P < 0.05,
P < 0.01,and **P < 0.001) compared with mock samples. Abbreviation: IB, immunoblot.

pathogenesis of YFV liver disease. These ITPRs are
responsible for mitochondrial calcium signals, which

apoptosis; however, effects of ITPR3 on steatosis may
instead reflect concomitant changes in expression of

in turn regulate lipid droplet formation and certain
forms of cell death.1?"*1® Normally this is regulated
by ITPR1 in hepatocytes,(l4) and expression of this
isoform was not altered by YFV.ITPR2 can preferen-
tially transmit calcium into mitochondria in some cell
types,™>*” and ITPR2 expression was increased in
YFV-infected hepatocytes, but there is disagreement
about whether this isoform localizes to the MAM
and does not regulate steatosis in hepatocytes.!4*!)
ITPR3 can preferentially transmit calcium into mito-
chondria in other cell types(15_17’42). Indeed, we found
that loss of ITPR3 sensitized YFV-infected cells to

enzymes involved in fatty acid oxidation and lipogen-
esis. The role of ITPR3 in controlling the expression
of lipogenic genes is an open question that is just now
being investigated. Several calcium signaling genes
were recently shown to be important in human and
mouse samples of HCC caused by nonalcoholic ste-
atohepatitis. Among them, ITPR3 was aberrantly up-
regulated in this disease,?V suggesting that this
calcium channel could play a role in lipid metabo-
lism. Chronic ITPR3 expression also modulates gene
expression, triggering an anti-apoptotic response in
HCC.® Together, these observations suggest the
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possibility of a modulatory effect of ITPR3 on dif-
ferent molecular pathways in YFV-infected hepato-
cytes through regulation of gene expression, including
genes related to lipid metabolism. Consistent with
this, patients who develop symptoms from the YFV
vaccine have enhanced ER stress,*® which typically
increases rather than decreases steatosis.*¥ Lipid
droplets are used by viruses from the Flaviviridae fam-
ily, including YFV and hepatitis C virus (HCV), as
an energy reservoir for replication, a platform for viral
assembly(45) and a source of very low density lipopro-
tein, which is complexed to the HCV virus as a mech-
anism to evade the immune system.“*® Therefore, the
current observation that ITPR3 inhibits steatosis may
represent an additional protective role that it serves in
YFV-infected hepatocytes.

A correlation between viral load and worse outcome
has been reported in nonhuman primates infected with
YFV“") as well as in patients with YFV,®) and this
relationship was recapitulated in our mouse model.
Therefore, even though our findings suggest that
de novo expression of ITPR3 in hepatocytes may be an
endogenous protective mechanism in YFV infection,
there also may be limits to the extent of this beneficial
effect. It remains to be determined whether and to
what extent the regulation of ITPR3 expression and
targeting of this calcium channel to the nucleus can
mitigate the liver damage that commonly contributes
to the morbidity and mortality of this disease.
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