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RESUMO

A Mucopolissacaridose tipo I (MPS I) ¢ uma doenga lisossomica de depdsito
(DLD) causada por mutacdes no gene da alfa-L-iduronidase (IDUA), enzima
responsavel pela degradagdo dos glicosaminoglicanos dermatan e heparan sulfato. Os
dois tratamentos disponiveis, terapia de reposi¢do enzimadtica e transplante de células
tronco hematopoiéticas, tém limitacdes importantes. Os sistemas de edi¢do génica que
foram desenvolvidos nos ultimos anos parecem ser alternativas promissoras para este
tipo de doenca. Entre eles, o sistema CRISPR-Cas9 tem se destacado. Descrito como
uma forma de sistema imune de bactérias, ele foi adaptado para editar locais precisos do
genoma humano e de outros eucariotos. O objetivo geral desta tese foi utilizar o sistema
CRISPR-Cas9 para a corre¢ao génica em MPS I. No primeiro trabalho discutimos como
a edigdo génica pode ser aplicada no tratamento de diferentes DLD. Um dos principais
fatores para que a modificagdo do DNA ocorra de forma eficiente ¢ a entrega
intracelular dos vetores em quantidade adequada. Para tanto, no segundo trabalho da
tese, descrevemos um protocolo otimizado para transfec¢do de células tronco
mesenquimais (CTM), que sdo células de dificil transfeccdo, com Lipofectamina® 3000.
Utilizando CTM com poucas passagens, com aproximadamente 70 % de confluéncia e
uma relacdo lipideo/DNA de 3 pL/ug, obtivemos até 26 % de células transfectadas. O
objetivo do terceiro trabalho da tese foi utilizar o sistema CRISPR-Cas9 para corrigir in
vitro uma das muta¢des mais comuns em pacientes com MPS I, responsavel pelo
fenotipo grave da doenca. Fibroblastos humanos homozigotos para p.W402X foram
transfectados e analisados por até um més apds o tratamento. A atividade de IDUA nas
células transfectadas aumentou significativamente, houve uma diminui¢do no nimero e
tamanho dos lisossomos, € o sequenciamento de nova geragdo mostrou que um
percentual das células tratadas apresentava a sequéncia normal do gene da IDUA,
confirmando que a mutagdo patogénica foi corrigida. Sdo apresentados ainda resultados
de um trabalho em andamento em que CRISPR-Cas9 e um vetor doador foram
utilizados para inserir o cDNA completo da /dua em CTM extraidas de camundongos
MPS 1. Apos selecao das células modificadas, a atividade enzimatica alta mostrou que a
sequéncia foi corretamente inserida. Os estudos desta tese sd3o uma prova de conceito de

que a edicdo génica com CRISPR-Cas9 pode ser usada para corre¢do de mutacdes



responsaveis pela MPS I e abre a possibilidade de uso desta tecnologia como uma nova

abordagem terapéutica em doencas de deposito lisossdmico.
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ABSTRACT

Mucopolysaccharidosis type I (MPS 1) is a lysosomal storage disease caused by
mutations in the alpha-L-iduronidase (IDUA) gene, which encodes the enzyme
responsible for degradation of glycosaminoglycans dermatan and heparan sulfate. The
two available treatments, enzyme replacement therapy and hematopoietic stem cells
transplantation, have important limitations. The gene editing technologies that have
been developed in recent years are promising alternatives for this type of disease.
Among them, the CRISPR-Cas9 system has excelled. Described as a form of bacterial
immune system, it has been adapted for editing genes in precise points of the human
and other eukaryotes genomes. Thus, the overall objective of this thesis was to use the
CRISPR-Cas9 system for gene correction in MPS L. In the first study, we discussed how
gene editing can be applied to the treatment of different LSD. One of the main factors
influencing success of DNA modification is the delivery of vectors in proper amount
into the cells. Therefore, in the second work, we described an optimized protocol with
Lipofectamine® 3000 for transfection of mesenchymal stem cells (MSC), which are
known to be difficult to transfect cells. Using MSC with few passages, approximately
70 % of cell confluency, and a relationship lipid/DNA of 3 uL/ug, we could achieve up
to 26 % of transfected cells. The purpose of the third work of this thesis was to use the
CRISPR-Cas9 system to correct in vitro one of the most common mutations in MPS I
patients, responsible for severe MPS I phenotype. Human fibroblasts homozygous for
p-W402X were transfected and analyzed for up to a month after treatment. IDUA
activity in transfected cells increased significantly, there was a decrease in the number
and size of lysosomes, and next generation sequencing showed that a percentage of
treated cells presented the normal sequence of IDUA gene, confirming that the
pathogenic mutation was corrected. We also report results from a work in progress in
which CRISPR-Cas9 and a donor vector were used to insert the complete /dua cDNA in
MSC extracted from MPS I mice After selection of modified cells, the high enzyme
activity showed that the sequence was properly inserted. The studies in this thesis are a
proof of concept that gene editing with CRISPR-Cas9 can be used to correct mutations
responsible for MPS I, and opens the possibility of using this technology as a new

therapeutic approach in lysosomal storage diseases.
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1. INTRODUCAO

1.1. Doencas Lisossomicas de Depésito

Os lisossomos sdo organelas envoltas por membrana responsaveis pela
degradacdo de diferentes substratos dentro das células eucaridticas. Este processo
catabolico ¢ realizado por mais de 60 enzimas soliveis presentes em seu limen.
Proteinas, lipideos, acidos nucléicos e sacarideos estdo entre as macromoléculas
celulares que chegam ao lisossomo por meio de endocitose, fagocitose, autofagia ou
outras rotas para serem degradadas. Estes substratos sofrem sucessivas hidrolises em
ligagdes especificas por meio da agdo gradual de enzimas individuais (Schultz et al.,
2011). Se um membro da cascata enzimatica estiver deficiente a sequéncia de
degradacao ¢ interrompida e o substrato se acumula, resultando em um grupo de
situagdes patoldgicas, as doengas lisossomicas de depdsito (DLD).

As DLD sdao um grupo que abrange aproximadamente 50 patologias. Sdo erros
inatos do metabolismo, de heranca monogénica e, com raras excegdes, autossomica
recessiva. Possuem uma fisiopatologia comum, na qual hé deficiéncia total ou parcial de
uma das enzimas especificas envolvidas nas vias de degradacdao de macromoléculas no
lisossomo, ou de proteinas responsdveis pela biogénese e maturagdo da organela
(Giugliani, 2012).

Além das alteracdes celulares causadas diretamente pelo acimulo do substrato
nao degradado, este acimulo serve como gatilho para uma complexa cascata de eventos,
como armazenamento de substratos secundarios, perturbacdes da homeostase do célcio
e do trafego de lipideos, entre outros, que contribuem para as manifestacdes clinicas da
doencga. Outras manifestagcdes, relacionadas ao papel do lisossomo no trafico de
vesiculas, como a apresentagdo de antigenos e transdugdo de sinal contribuem para os
disturbios inflamatérios ¢ autoimunes observados nas DLD (Parkinson-Lawrence et al.,
2010). Alteragdes nos mecanismos celulares gerais, como estresse do reticulo, estresse
oxidativo e bloqueio da autofagia também desempenham um papel na patogénese
dessas doengas (Vitner et al., 2010).

Apesar da grande heterogeneidade de sintomas, a maioria destas doencas

caracteriza-se por seu curso progressivo. A maior parte dos pacientes € assintomatica ao
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nascimento e apresenta os primeiros sintomas durante a infincia. As DLD apresentam
alta morbidade que reduz, as vezes drasticamente, o tempo de vida. A sua frequéncia
varia em diferentes regides e populacdes. Apesar de individualmente raras, sua
prevaléncia conjunta estimada varia de 1:4000 a 1:9000 nascidos vivos (Giugliani,
2012). Em adultos as doencas de Gaucher (OMIM #230800), Fabry (OMIM #301500) e
Niemann-Pick tipo A (OMIM #257200) sdo as DLD mais comuns (Wilcox, 2004).
Convencionalmente elas sdo agrupadas pelo tipo de substrato ndo degradado que se

acumula: esfingolipidoses, mucopolissacaridoses, glicoproteinoses e outras.

1.1.1. Mucopolissacaridoses

As mucopolissacaridoses (MPS) sdo DLD causadas pela deficiéncia na atividade
de enzimas que degradam glicosaminocanos (GAG, antigamente chamados
mucopolissacarideos), principais componentes da matriz extracelular. Os GAG sdo
cadeias polissacaridicas nao ramificadas, compostas por repeticdes de dissacarideos
ligados a um nucleo proteico formando os proteoglicanos (Esko et al., 2009). Um dos
dois agucares no sacarideo repetido ¢ um amino agucar (N-acetilglicosamina ou N-
acetilgalactosamina) o qual, na maioria das vezes, ¢ sulfatado. O segundo aglcar ¢
normalmente um acido urénico (glucurénico ou idurdnico). Quatro principais grupos de
GAG sao distinguidos, de acordo com seus acucares € o numero ¢ localizagao do grupo
sulfato: (1) hialuronan, (2) condroitin sulfato e dermatan sulfato, (3) heparan sulfato e
(4) queratan sulfato (Kim et al. 2011). Normalmente, no lisossomo, eles sofrem um
processo de degradacdo através de reagdes sequenciais de hidrolise, formando
monossacarideos e sulfato inorganico (Hopwood and Morris, 1990).

As moléculas de GAG interagem com uma grande variedade de proteinas
envolvidas em processos fisioldgicos e patoldgicos. Além das fungdes de sustentagdo,
permeabilidade e organizacdo da estrutura da matriz extracelular, os GAG também
interferem na estabilidade e atividade de proteinas, e atuam como moléculas
sinalizadoras na matriz (Clarke, 2011). Portanto alteragcdes na composi¢do de GAG
podem ter consequéncias diversas em um organismo.

As manifestacdes clinicas das MPS sdo heterogéneas e, uma vez que as enzimas
lisossomicas sdao expressas de forma constitutiva, suas deficiéncias geralmente levam a
complicagdes multissistémicas. Nas MPS, incluem principalmente rigidez articular,

malformagdes Osseas, retardo de crescimento, alteracdes pulmonares, oculares,
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hepaticas e cardiacas, além de anormalidades neurologicas (Lehman et al., 2011). Para a
maioria dos pacientes existe correlagdo genotipo-fenotipo e os sintomas correspondem a
quantidade de enzima produzida em cada caso (Baldo et al., 2014). J4 foram descritas 7
formas principais de MPS, que se diferenciam principalmente pela enzima deficiente, e
que sdo classificadas numericamente de MPS 1 a IX, sendo as MPS V e VIII
inexistentes. Com excec¢do da MPS I, que tem heranca ligada ao cromossomo X, todas

as outras sao herdadas de forma autossomica recessiva (Tabela 1).

Tabela 1: Tipos de Mucopolissacaridoses, epdnimo, substrato armazenado e enzima

deficiente.
Tipo de MPS  Ep6nimo GAG acumulado  Enzima deficiente
MPS 1 Hurler, DS, HS o-L-iduronidase
Hurler-Scheie
Scheie
MPS 11 Hunter DS, HS 1duronato sulfatase
MPS 111 Sanfilippo, tipos A-D HS A: heparan-N-sulfatase

B: a-N-acetilglicosaminidase

C: acetil-CoA: a-glicosaminida-N-
acetiltransferase

D: N-acetilglicosamina-6-sulfatase

MPS IV Morquio, tipos A ¢ B A: KS, CS A: N-acetilgalactosamina-6-sulfato
B: KS sulfatase
B: B-galactosidase
MPS VI Maroteaux-Lamy DS arilsulfatase B
MPS VII Sly DS, HS, CS B-glucuronidase
MPS IX Deficiéncia de Desconhecido hialuronidase

hialuronidase

DS: Dermatan sulfato; HS: Heparan sulfato; KS: Keratan sulfato; CS: Condroitin

sulfato

A triagem inicial de pacientes com suspeita clinica de MPS ¢ feita por detec¢do
da excre¢ao aumentada de GAGs na urina. O diagnostico definitivo € feito por meio da
medida da atividade enzimatica em leucocitos, fibroblastos ou plasma dos pacientes
apos triagem. Ainda, a pesquisa de mutagdes nos genes envolvidos serve como
diagnoéstico complementar e para o aconselhamento genético dos familiares (Matte et

al., 2003). O diagnostico ao nascimento s6 ¢ realizado em casos onde j& existe algum
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familiar afetado, j4 que neonatos ndo possuem sinais clinicos evidentes. Entretanto, em
algumas regides que possuem alta incidéncia populacional de alguma das MPS, tem-se
sugerido a realizagdo de triagem neonatal, j4 que quanto mais cedo ¢ iniciado o
tratamento, quando disponivel, maiores serdo os seus beneficios (Giugliani, 2012). O
diagnostico neonatal possibilita, em alguns casos, predizer a gravidade da doenga do
paciente dentro do espectro de caracteristicas clinicas. Assim, as mutagdes sem sentido,
nas quais ha a presenca de um cdédon de terminagdo prematuro estao relacionadas ao
fenotipo grave da doenga, enquanto outros tipos de mutacdes (em sitios de splice, de
troca de sentido, delecdes e inser¢gdes) sdo heterogéneas quanto a correlagdo com o

fenotipo.

1.1.1.1. Mucopolissacaridose tipo |

A MPS I ¢ causada por mutagdes no gene da enzima alfa-L-iduronidase (IDUA;
EC 3.2.1.76), localizado em seres humanos no cromossomo 4 (4p16.3). Em humanos, o
gene da IDUA tem tamanho total de 2,1 kb e possui 14 éxons que originam uma
proteina de 653 aminoécidos (Scott et al., 1992). A enzima tem um tamanho inicial de
73 kDa e ¢ processada a uma forma madura de 69 kDa. No Brasil, existem duas
mutacoes que sao particularmente prevalentes, a W402X e a P533R, que estao presentes
em cerca de 70% dos pacientes (Matte et al, 2003).

A deficiéncia de IDUA leva ao acumulo de seus substratos catabolicos dermatan
sulfato e heparan sulfato (D’Aco et al., 2012) (Figura 1). O heparan sulfato ¢ composto
principalmente por acido glicurénico e glicosaminas, estando presente em
proteoglicanos associados a membrana plasmatica de diversos tipos celulares, inclusive
de neuronios (Schubert, 1989). O dermatan sulfato ¢ composto principalmente por acido
L-idurdnico e N-acetilgalactosamina sulfatada e estd presente na matriz em tecidos
conectivos, como tenddes e valvulas cardiacas (Hopwood and Morris, 1990).

A MPS 1 ¢ uma doenca cronica, progressiva, com manifestagdes clinicas
heterogéneas. E historicamente classificada clinicamente em trés sindromes, de acordo
com a idade de aparecimento dos sintomas, a velocidade de progressdo e a presenca e
grau de comprometimento neuroldgico (Pastores et al.,, 2007). Entretanto, as

manifestagdes clinicas se apresentam dentro de um espectro continuo de variabilidade
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fenotipica, e a maioria dos pacientes t€ém caracteristicas intermedidrias, o que torna

dificil a classificagdo em uma das trés divisdes (Mufioz-Rojas et al., 2011).
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Figura 1: Rota de degrada¢do do dermatan sulfato (esquerda) ¢ heparan sulfato (direita). A

deficiéncia da atividade enzimatica da enzima alfa-L-iduronidase, segunda enzima na cascata,

causa a Mucopolissacaridose tipo I. Adaptado de Neufeld e Muenzer (2001).
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Nos pacientes que desenvolvem os sintomas mais graves da MPS I, fendtipo
historicamente chamado de sindrome de Hurler (OMIM #607014), as manifestagoes
clinicas sist€émicas aparecem no primeiro ano de vida, e progridem com aparecimento
de defeitos cognitivos, doenca valvular cardiaca, anormalidades respiratérias e
esqueléticas, rigidez nas articulagdes, hepatoesplenomegalia e opacidade da cornea, o
que leva a morte precoce usualmente antes dos 10 anos de vida (Giugliani et al., 2010).
Pacientes com a forma mais atenuada da doenga, sindrome de Scheie (OMIM#607016),
ndo apresentam manifestacdes neurologicas. Os sintomas incluem, em intensidade
variavel, rigidez articular, valvulopatia adrtica, opacidade da cornea e outras
complicacdes, como surdez, hérnia umbilical e inguinal e glaucoma, e aparecem mais
tardiamente na infancia. Os afetados geralmente sobrevivem até a idade adulta
(Tomatsu et al., 2010). A forma intermediaria da doenga, sindrome de Hurler-Scheie
(OMIM #607015), tem pouca ou nenhuma alteracdo cognitiva, e sobrevivéncia até a
adolescéncia ou inicio da fase adulta, sendo as complicagdes cardiacas e a obstrucdo das
vias aéreas superiores as principais causas de morte (Neufeld e Muenzer, 2001).

A incidéncia mundial estimada da MPS 1 ¢ de 1 caso para cada 100.000 nascidos
vivos. Aproximadamente 50 a 80% dos pacientes t€ém a forma mais grave da doenga
(Muenzer et al., 2009). Entretanto, esta estimativa pode ndo estar totalmente correta, ja
que os casos mais graves sao mais facilmente diagnosticados do que os casos atenuados.
O diagnostico inicial da MPS 1 € baseado no reconhecimento dos sintomas clinicos € em
testes bioquimicos para deteccdo de GAGs na urina e em ensaios enzimaticos. Estes sdo
realizados em fibroblastos cultivados, plasma ou leucdcitos e utilizam substratos
fluorescentes especificos para IDUA. A deficiéncia na atividade da enzima e a excregao
aumentada de GAGs urinarios estao presentes em todos os pacientes.

Antes do desenvolvimento de terapias especificas para a doenga, o tratamento da
MPS I era paliativo e baseado em sintomas. Atualmente existem duas opgdes de
tratamento, o transplante de células tronco hematopoiéticas (TCTH) e a terapia de
reposicao enzimatica (TRE), porém nenhuma ¢ totalmente eficaz e curativa. Ambos se
baseiam no fato de que a enzima IDUA ¢ modificada com residuos de manose-6-fosfato
(M6P), podendo ser captada por receptores especificos para enzimas lisossomicas, 0s
receptores de manose-6-fosfato (M6PR) das células adjacentes (Tomanin et al., 2012).

O transplante de células tronco hematopoiéticas foi primeiramente utilizado em
pacientes com sindrome de Hurler em 1981 (Hobbs et al., 1981), e desde entdo mais de

500 pacientes ja foram tratados com esta técnica. No TCTH, sdo transplantadas células
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tronco da medula 6ssea ou do cordao umbilical de doadores saudaveis. A IDUA
produzida por estas células ¢ liberada no plasma do paciente e pode ser internalizada
pelas células que nao a produzem através dos M6PR. Quando bem sucedido, o TCTH
pode prolongar a vida do paciente, preservar a neurocogni¢ao e melhorar as alteracdes
somaticas. Um ano ap0s o transplante, em muitos casos, ¢ possivel observar reducdo da
hepatoesplenomegalia, das caracteristicas fenotipicas faciais, da rigidez articular, da
apneia do sono e melhora dos problemas cardiacos e da audicdo (Martins et al., 2009).
Entretanto, devido aos riscos associados a este procedimento, entre eles a possibilidade
de desenvolvimento da doenga do enxerto contra o hospedeiro, ele s6 ¢ recomendado
para pacientes com a forma grave da MPS I e que tenham menos de dois anos de idade,
0 que ressalta a importancia do diagndstico precoce. Outras limitagdes do tratamento
sao a dificuldade de encontrar doadores HLA compativeis e a falta de efeito sobre as
deformidades Osseas e neuroldgicas ja existentes (Giugliani et al., 2010).

A terapia de reposi¢do enzimdtica consiste na administracdo da enzima
deficiente por meio de repetidas inje¢des intravenosas. Em 1990 os pacientes com
doenca de Gaucher foram os primeiros beneficiados por este tratamento, que hoje
também esta disponivel para doenca de Fabry, doenga de Pompe, MPS I, I, IV e VL. A
TRE também se baseia na internalizagdo da IDUA por meio da ligagdo desta aos M6PR
presentes nas células do paciente. A enzima comercial utilizada para o tratamento de
MPS 1, laronidase (IDUA humana recombinante, Aldurazyme®, BioMarin/Genzyme,
EUA), foi aprovada em 2003 para o tratamento das manifestacdes ndo neurologicas da
doenca. E a primeira opgdo de tratamento para pacientes com sindromes de Hurler-
Scheie e Scheie, e também ¢ utilizada em pacientes Hurler que ndo sao candidatos a
TCTH (Dickson et al., 2011). A laronidase deve ser administrada por via intravenosa
semanalmente ou a cada duas semanas durante toda a vida do paciente. Entre os
beneficios observados nas pessoas tratadas com TRE estdo a melhora na mobilidade das
articulagdes, na capacidade de caminhar, nas fungdes respiratdria e cardiaca, redugdo do
volume do figado e do bago e reducdo da excrecdo de GAG urinarios (Valayannopoulos
and Wijburg, 2011). Apesar de ser a opgao terap€utica disponivel mais segura, a TRE
ainda tem limitagdes importantes. Entre elas estdo as reagdes adversas apresentadas por
alguns pacientes (cefaleia, dor abdominal, dispneia, calafrios, artralgia,
hipertensao/hipotensao, reagdes de hipersensibilidade e exantema), e o alto custo para o
sistema publico de satde (Souza et al., 2008). Entretanto o principal fator limitante da

TRE ¢ a incapacidade da enzima administrada passar a barreira hematoencefalica e
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assim atingir o sistema nervoso central e atenuar os sintomas neuroldgicos da doenca
(Giugliani et al., 2010).

Como tanto o TCTH quanto a TRE tém limitagdes importantes ¢ falham em
corrigir alguns dos sintomas mais importantes observados em pacientes com MPS 1,
novas alternativas terapéuticas sdo necessdrias e estdo sendo investigadas. Essas
alternativas incluem a TRE intratecal (Dickson et al., 2015; Munoz-Rojas et al., 2008;
Vera et al., 2013), tradugao alternativa (Keeling and Bedwell, 2002), terapia de reducao
do substrato (Kingma et al., 2014; Moskot et al., 2016), administracdo de chaperonas
farmacologicas (Maegawa et al., 2007; Okumiya et al., 2007) e as diversas formas de
terapia génica (Di Natale et al.,, 2002; Fraga et al., 2015a; Lagranha et al., 2013;
Tomanin et al., 2012; Visigalli et al., 2010).

1.2. Terapia génica

A terapia génica ¢ definida como a modificacdo genética de células com a
intencdo de alterar a expressao de algum gene para prevenir, impedir ou reverter um
processo patologico (Kay, 2011). Embora utilizada para o tratamento de diversas
doengas, inclusive de causas multifatoriais, as DLD sdo candidatas ideais a terapia
génica, j4 que sdo monogénicas e ndo sdo reguladas por mecanismos complexos. Além
disso, a correcdo de um numero relativamente baixo de células geralmente ¢ suficiente,
j& que as células nao corrigidas podem internalizar a enzima secretada pelas corrigidas,
e assim reverter o seu fenotipo (Baldo et al., 2014).

Existem duas principais formas de terapia génica. Na transferéncia génica in
vivo, 0s vetores contendo o material genético de interesse sao inseridos diretamente no
paciente. Ja na terapia génica ex vivo, células sdo extraidas, modificadas geneticamente
em laboratdrio e entdo introduzidas no paciente. A escolha entre os métodos in vivo ou
ex vivo depende das caracteristicas da doenga a ser tratada, do tipo de estudo, do vetor
utilizado e da seguranca do procedimento. Para a MPS I existem protocolos pré-clinicos
que usam a abordagem in vivo (Metcalf et al., 2010), bem como ex vivo (Visigalli et al.,
2010).

Os principais tipos celulares utilizados para a terapia génica ex vivo sdo células
tronco, que tém capacidade de se expandir e se diferenciar em outros tipos celulares,

sendo assim fontes de producdo constante da proteina de interesse. As células tronco
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mesenquimais (CTM) tém capacidade de se diferenciar em muitos dos tipos de células
que sdo afetadas na MPS, e células corrigidas podem ser utilizadas para substituir estas
populagdes. Jackson e colaboradores (2015) modificaram CTM derivadas da medula
Ossea e da polpa dentaria para superexpressar as enzimas deficientes em MPS [, 11, IIIA,
IVA, VI e VII e relataram que as células modificadas continuaram mantendo sua
capacidade de diferenciagcdo nas linhagens osteogénica, condrogénica, adipogénica e
neurogénica in vitro. Baxter e colaboradores (2002) também fizeram estudos in vitro e
demonstraram que CTM superexpressando IDUA eram capazes de liberar a enzima e
corrigir CTM nao modificadas de pacientes com MPS I. Em um outro trabalho, foram
injetadas CTM expressando IDUA no cérebro de camundongos MPS I e elas foram
eficientes em reduzir a neurodegeneragdo normalmente observada nestes animais (da
Silva et al., 2012).

Um dos principais desafios da utilizagdo da terapia génica ¢ a entrega do
material genético para o interior da célula. Para isso sdo utilizadas moléculas
carreadoras chamadas vetores. Existem diversos tipos de vetores utilizados com este
fim, que sdo divididos em dois grandes grupos: virais € nao virais.

Para o uso de vetores virais em terapia gé€nica algumas modifica¢des na estrutura
dos virus sdo feitas para tornd-los mais seguros. Os genes que controlam sua replicagao
sdo retirados e o gene terapéutico ¢ adicionado. Os quatro tipos de vetores virais mais
comuns utilizados para terapia génica in vivo ou ex vivo sdao adenovirus, virus
adenoassociados, lentivirus e retrovirus.

Os adenovirus sdo vetores formados por DNA fita dupla e podem transferir até
37 kb de informagdo genética. Seu genoma ndo se integra no genoma da célula
hospedeira e tém alta imunogenicidade, portanto sdo vetores cuja expressao ¢ reduzida a
alguns dias ou semanas apds o tratamento. Por isso sdo bastante utilizados para
tratamento de tumores e ndo sdo bons candidatos para o tratamento de MPS L.

Lentivirus e retrovirus sdo virus envelopados, formados por RNA de fita
simples. Ambos tém capacidade deintegrar seu genoma ao da célula hospedeira. Essa
caracteristica pode ser considerada uma vantagem, ja que permite expressao estavel e
permanente, mesmo ap6s a divisdo celular. Entretanto, também pode representar um
problema, ja que podem promover mutagénese insercional e ativar oncogenes, conforme
ja foi relatado em pacientes com imunodeficiéncia severa combinada (Hacein-Bey-

Abina et al., 2008).
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Os vetores virais que apresentam mais vantagens em relacdo aos outros sao os
adenoassociados. Sdo virus pequenos, formados por DNA fita simples, ndo patogénicos,
e que normalmente ndo se integram no genoma da célula hospedeira, mas por formar
concatameros no nucleo, tém expressdo a longo termo sustentada. Sua principal
desvantagem ¢ o limite de tamanho do gene terapéutico a ser inserido, que ¢ de
aproximadamente 4,5 kb por particula viral (Templeton and Perlman, 2008). Uma
caracteristica exclusiva desse tipo de vetor ¢ a habilidade de alguns deles para passar a
barreira hematoencefalica e chegar até o sistema nervoso central, o que os torna vetores
ideais para o tratamento de DLD neuropaticas (Foust et al., 2009).

Virios protocolos de terapia génica utilizados para o tratamento de MPS
utilizam vetores adenoassociados, lentivirus ou retrovirus (Fu et al., 2016; Hinderer et
al., 2016). Entretanto, devido principalmente aos problemas de seguranca relacionados
aos vetores virais, técnicas utilizando vetores nao virais tém sido desenvolvidas.

Os vetores ndo virais tém como principal vantagem em relag@o aos vetores virais
a sua seguranca, ja que sdo menos patogénicos € geralmente nao se integram no DNA
genomico, excluindo o risco de mutagénese insercional. Também costumam ter menor
custo e maior facilidade de producdo e manipulacdo (Fraga et al., 2015a). Entre os mais
utilizados estdo os lipossomas e as nanoemulsdes lipidicas.

Os vetores baseados em lipideos formam complexos com o DNA por meio de
interacdes eletrostaticas entre os grupamentos fosfato dos acidos nucleicos e a superficie
dos lipideos cationicos, formando complexos multilamelares em que os acidos nucleicos
carregados negativamente permanecem presos a bicamada lipidica, favorecendo assim a
passagem através das membranas celulares (Matte et al., 2011a). Nosso grupo
demonstrou tanto in vitro, em fibroblastos de pacientes, quanto in vivo, em
camundongos MPS 1, a eficiéncia de transfec¢dao, medida por atividade enzimatica da
IDUA, de emulsodes cationicas como vetores carreadores de um plasmideo contendo o
gene da IDUA (Fraga et al., 2015a, 2015b).

Os transposons também sdo vetores bastante utilizados para transferéncia génica.
Eles se integram no genoma promovendo assim expressao gé€nica estavel e a longo
termo. Aronovich e colaboradores (2009) utilizaram transposons como vetores para
terapia génica em camundongos MPS I, e observou um aumento de at¢ 100 vezes na
atividade enzimatica de IDUA de alguns animais quando comparados a camundongos
normais. Entretanto, em animais que nao recebiam imunossupressao, a atividade voltava

ao nivel basal em até 4 semanas e foram observados infiltrados inflamatérios. Em
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camundongos imunodeficientes, a atividade enzimatica no plasma se manteve por até 18
semanas e foi detectada em todos os tecidos analisados.

A microencapsulagdo celular ¢ outra forma de terapia génica nao viral. Nela,
células modificadas geneticamente sdo isoladas em uma membrana semipermeavel, que
permite a troca de metabodlitos e nutrientes entre as células e o ambiente externo, ao
mesmo tempo em que protege o material encapsulado da acdo do sistema imune (Matte
et al., 2011b). Baldo e colaboradores (2012a) mostraram aumento da atividade de IDUA
e reducdo de GAG em fibroblastos de pacientes com MPS I apos 15, 30 e 45 dias de co-
cultivo com células encapsuladas superexpressando a enzima. As células encapsuladas
também foram implantadas no peritonio de camundongos MPS I e apds 4 meses
analises histoldgicas mostraram redugdo de acimulo de GAG e nos tecidos analisados.
Entretanto, a atividade de IDUA nao foi diferente dos animais nao tratados (Baldo et al.,
2012b).

Embora mais seguros, os vetores ndo virais possuem limitagdes importantes para
0 uso em terapia génica. As principais estdo relacionadas a sua baixa eficiéncia de
transfeccdo e ao silenciamento do transgene. Diversos estudos tém sido realizados
visando a melhora na seguranca e eficiéncia dos protocolos tradicionais de terapia
génica. Entretanto, uma nova abordagem baseada na edicdo direcionada do DNA

genomico tem ganhado cada vez mais espago nos ultimos anos.

1.2.3. Edicdo génica

A introducdo de alteracdes especificas em sequéncias do genoma de células tem
gerado cada vez mais expectativas como o tratamento ideal para doencas genéticas.
Durante muito tempo, estratégias utilizadas para induzir alteragdes precisas e
especificas no DNA eram restritas a poucos organismos (por exemplo, recombinagao
homodloga em leveduras), principalmente pela baixissima eficiéncia das técnicas
utilizadas. Na década passada comegou a ser utilizada uma nova abordagem que permite
manipular virtualmente qualquer gene de uma variada gama de tipos de células e
organismos. Esta tecnologia, nomeada edicdo génica, baseia-se no reconhecimento de
sequéncias e na utilizacdo de nucleases manipuladas em laboratério. Para isso, sdo
utilizados sistemas compostos por um dominio de ligacdo a sequéncias especificas de

DNA unido a um moédulo de clivagem de acidos nucleicos (Cox et al., 2015).
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Um primeiro passo crucial para a realiza¢do de edi¢do génica € a criagdo de uma
quebra na fita dupla de DNA no locus gendmico a ser modificado. A quebra induzida
pela nuclease sera reparada por pelo menos um dos dois mecanismos de reparo
diferentes que acontecem em quase todos os tipos de células e organismos: unido de
extremidades ndo homologas (NHEJ, do inglés non-homologous end joining) e
recombinacdo homologa direcionada (HDR, do inglés homogous directed repair)

(Figura 2) (Cox et al., 2015).
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Figura 2. Edi¢do génica induzida por nuclease. A clivagem da fita dupla de DNA
provocada pela nuclease esté sujeita a duas formas de mecanismos de reparo: NHEJ ou
HDR. O reparo mediado por NHEJ pode resultar em inser¢des ou delegdes de tamanhos
variados no local da quebra do DNA. O reparo mediado por HDR necessita a presenca
de uma sequéncia doadora, que pode ser fita simples ou dupla, que servird como molde
e assim podem ser introduzidas mutacdes de ponto ou podem ser inseridas novas

sequéncias. Adaptado de Sander and Joung (2014a).

A NHE]J ¢ feita por enzimas que promovem a religacao das fitas sem um molde.

E, portanto, um mecanismo sujeito a erros, ja que normalmente alguns nucleotideos sao
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retirados ou adicionados a fita de DNA, causando mutagdes de inser¢ao/delegao (indels)
de varios tamanhos, o que pode alterar a fase de leitura da sequéncia codificadora ou
sequéncias de regulagdo da transcri¢ao, alterando ou inativando a expressao correta do
gene (Sander and Joung, 2014a). A edi¢ao génica seguida por NHEJ tem sido muito
utilizada para a criacdo de modelos celulares e animais nocaute para diversos genes (Lin
and Musunuru, 2016; Parant and Yeh, 2016; Tschaharganeh et al., 2016).

O mecanismo de HDR acontece quando um DNA exdgeno complementar a
sequéncia onde houve a quebra da fita dupla (doador) serve como molde para a
reconstrucdo das fitas. Assim € possivel construir sequéncias doadoras com alteragdes
de nucleotideos, que serdo entdo incorporados ao DNA gendmico. Portanto, esse
mecanismo pode ser utilizado para introduzir ou corrigir mutagdes pontuais especificas
ou para inserir sequéncias desejadas, desde que elas estejam flanqueadas por regides
homologas ao 16cus que se deseja alterar. Com a quebra da fita dupla de DNA induzida
por nucleases, as frequéncias destas alteragdes sdo normalmente maiores do que 1% e,
em alguns casos, chegam a mais de 50% (Sander and Joung, 2014a).

Os primeiros sistemas utilizados para edi¢ao génica foram enzimas quiméricas.
As mais importantes sdo as nucleases dedo de zinco (ZFN, do inglés zinc finger
nuclease) e as nucleases efetoras tipo ativadoras de transcri¢do (TALEN, do inglés
transcription activator-like effector nuclease). Ambas t€m um dominio proteico que se
liga a sequéncias especificas de DNA fusionado a nucleasse Fokl, que cliva o DNA.
Mais recentemente comecou a ser utilizada uma plataforma que ¢ baseada em RNA, o
sistema CRISPR-Cas9 (Clustered regularly interspaced short palindromic repeat
associated Cas9) (Cox et al., 2015).

1.2.3.1. Zinc Finger Nucleases

Os dedos de zinco sdao dominios proteicos que se ligam ao DNA. Sao compostos
por aproximadamente 30 aminodcidos em uma configurag¢do conservada de duas folhas-
beta antiparalelas e uma alfa-hélice. Em cada dedo de zinco, os aminoacidos da
superficie da alfa-hélice interagem com sequéncias especificas de 3 nucleotideos da fita
de DNA. Diferentes dedos de zinco se organizam em modulos e se ligam a sequéncias
de DNA diferentes. O desenvolvimento de arranjos que ndo se formam naturalmente

contendo mais de trés dominios permitiu que estas proteinas fossem utilizadas para
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reconhecimento de sequéncias genOmicas especificas. Assim, foi desenvolvido pela
primeira vez, um sistema que conseguia reconhecer e se ligar a sequéncias especificas
no genoma de até 18 bases (Carroll, 2011). A construcao destes mdodulos envolve o uso
de bibliotecas de dominios dedo de zinco, que reconhecem quase todos os 64 possiveis
trios de nucleotideos. Portanto, ¢ possivel construir combinacdes de dominios em
modulos para reconhecimento de sequéncias especificas em virtualmente todas as
regidoes do genoma (Cox et al., 2015).

O dominio de clivagem de DNA presente nas ZFN ¢ a enzima de restri¢cao Fokl,
que ¢ ligada a extremidade C-terminal do dominio de ligagdo ao DNA. Para que ocorra
a clivagem da dupla fita, a Fokl deve formar um dimero. Portanto, para cada quebra que
se deseja fazer na dupla fita de DNA, devem ser utilizadas duas ZFN que se ligam nas
fitas opostas de DNA com cinco a sete pares de base de distdncia entre suas
extremidades C-terminal. Dessa forma, se as duas ZFN se ligarem as suas sequéncias
especificas, a Fokl dimeriza e cliva a dupla fita de DNA (Figura 3A) (Lin and
Musunuru, 2016).

Genovese ¢ colaboradores (2014) utilizaram ZFN em um modelo de
imunodeficiéncia combinada grave ligada ao X (SCID-X1). Eles corrigiram células
tronco hematopoiéticas humanas e as transplantaram em camundongos modelo da
doenca. As células editadas sustentaram a hematopoiese ¢ deram origem a células
linfoides funcionais que possuiam vantagem de crescimento em relacao as células

mutadas.

1.2.3.2. Transcription activator-like effector nuclease

Transcription activator-like effector (TALE) sdo proteinas que ocorrem
naturalmente em bactérias Xanthomonas, patdgenos de plantas. Elas contém dominios
de ligacdo ao DNA composto por séries 33 a 35 aminoécidos, e cada um reconhece um
nucleotideo. Os dominios diferem um do outro apenas por dois aminoécidos nas
posigdes 12° e 13°, que determinam qual nucleotideo serd reconhecido. Assim como nas
ZFN, eles sao combinados em moddulos por meio de clonagens moleculares para
reconhecer sequéncias especificas de DNA (Guilinger et al., 2014). A Unica limitagdo
no reconhecimento de sequéncias por TALE ¢ que ela deve comegar com uma timina

(Grau et al., 2013).
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A nucleasse de restrigdo utilizada na construgdo das TALEN ¢ a Fokl, a mesma
encontrada nas ZFN. Portanto, também devem ser construidas duas TALEN para cada
sequéncia que se deseja clivar, para que a enzima possa formar um dimero e clivar a
dupla fita de DNA (Figura 3B).

Voit e colaboradores (2013) utilizaram o sistema TALEN para edi¢cdo génica no
gene da beta-globina, que quando mutado, causa anemia falciforme. A dupla fita de
DNA de uma linhagem celular foi clivada na regido da mutagdo responsavel pela
doenca e um vetor contendo o cDNA correto da beta-globina foi utilizado como doador
para induzir RH. Os resultados mostraram que aproximadamente 19% das células foram

corretamente modificadas.

Fokl domain

ZFN

Figura 3. Especificidade da ligacdo ao DNA de ZFN e TALEN. A) As ZFN se ligam a
regides de tamanho variado do DNA e a nuclease Fokl dimeriza para gerar uma quebra
na dupla fita de DNA entre os dois sitios de ligagao. B) Ligacdo heterodimérica de
TALEN, que assim com as ZFN, se liga a regioes de tamanhos variados para gerar a
clivagem da dupla fita de DNA entre os sitios de ligagdo. Adaptado de Gupta and
Musunuru (2014).
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1.2.3.3. Clustered regularly interspaced short palindromic repeats (CRISPR)

Em paralelo ao desenvolvimento das pesquisas sobre edicdo génica, alguns
microbiologistas e bioinformatas comecaram a investigar um sistema presente em
bactérias chamado CRISPR (clustered regularly interspaced palindromic repeats)
(Figura 4). Este sistema foi descrito em 1987 como uma série de repeticdes curtas
intercaladas por sequéncias também curtas no genoma de Escherichia coli (Ishino et al.,
1987). Ap6s sua descricdo, ele passou a ser detectado em diversas bactérias e arqueas
(Jansen et al., 2002), e pesquisas com o objetivo de desvendar sua fungao passaram a ser
realizadas. Em 2005 foram publicados trabalhos relatando que varias das sequéncias que
intercalam as repeti¢des tém origem viral ou de plasmideos. Estas informagdes, aliadas
ao fato de que o locus ¢ transcrito e a observacao de que os genes Cas (CRISPR-
associated) presentes no locus codificam proteinas com dominios de helicases e
nucleases, foi proposto que o sistema CRISPR-Cas poderia funcionar como um sistema

de defesa adaptativo que utiliza RNA antisenso como memoria de invasores passados

(Barrangou et al., 2007).
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Figura 4: Linha do tempo da evolugdo das pesquisas em edi¢do génica e CRISPR.

Adaptado de Doudna and Charpentier (2014).
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O lécus gendmico CRISPR-Cas em bactérias ¢ formado por um conjunto de
genes que codificam as proteinas Cas, seguido por sequéncias repetidas que separam
sequéncias variaveis ndo-codificantes inseridas no DNA bacteriano apds o contato com
genomas invasores. Enquanto os genes Cas sdo traduzidos em proteinas, o arranjo com
as sequéncias variaveis separadas pelas sequéncias repetidas sdo transcritas em um
unico RNA antes de serem processados em fragmentos curtos de CRISPR RNAs
(ctRNA), cada um contendo uma sequéncia de DNA exdgeno (chamado de
protoespacador) e parte da sequéncia repetida. Cada crRNA hibridiza com um segundo
RNA, chamado CRISPR RNA transativador (tractrRNA). Os dois RNAs se ligam a uma
das proteinas Cas, a nuclease Cas9, e a direcionam para clivar a dupla fita de DNA da
sequéncia alvo, complementar ao protoespacador. Entretanto, para que o protoespacador
consiga se ligar & sua sequéncia complementar, ela deve estar adjacente a uma
sequéncia curta de 3 nucleotideos formados por 5’NGG, chamado motivo adjacente ao
protoespacador (PAM, do inglés protospacer adjacent motifs) (Figura 5). Os
protoespacadores que estdo incorporados ao genoma bacteriano nao sao clivados
provavelmente porque ndo estdo adjacentes a uma sequéncia PAM (Sander and Joung,
2014a).

Existem trés tipos de sistemas CRISPR-Cas (I, II e III) que utilizam mecanismos
moleculares distintos para reconhecer e clivar &cidos nucleicos. O PAM desempenha
um papel essencial nos estagios de reconhecimento e interferéncia nos sistemas tipo I e
II. Os sistemas tipo I e III usam um grande complexo de proteinas Cas para o
reconhecimento guiado pelo crRNA (Mohanraju et al., 2016). Somente o sistema do
tipo II requer apenas uma unica proteina ligada ao RNA para o reconhecimento e
clivagem da sequéncia alvo, uma caracteristica que provou ser extremamente util para

aplicacdes em engenharia genomica (Savitskaya et al., 2016).
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Figura 5. Sistema CRISPR-Cas9 em bactérias. Quando um DNA invasor entra na
célula bacteriana, ele ¢ incorporado ao genoma no locus CRISPR, que € entdo transcrito
em um unico RNA. Este ¢ clivado e processado em crRNA, que hibridiza com trRNA
para formar trcrRNA e se ligar a Cas9. O sistema entdo reconhece a sequéncia invasora,
caso ela esteja adjacente a um PAM, por complementariedade com o crRNA, e a Cas
cliva o DNA invasor, inativando-o. Adaptado de https://www.neb.com/tools-and-
resources/feature-articles/crispr-cas9-and-targeted-genome-editing-a-new-era-in-

molecular-biology

Para ser utilizado em edi¢des génicas, o sistema foi adaptado de forma que
devem ser introduzidos nas células dois componentes: a nuclease Cas9 e um RNA guia
(gRNA), que ¢ correspondente ao crRNA e ao tacrRNA fusionados. Eles podem ser
introduzidos nas células na forma de DNA para posteriormente transcritos ou ja na
forma de RNA (Tschaharganeh et al., 2016). Vinte nucleotideos na extremidade 5’ do
gRNA (correspondente ao protoespacador, a sequéncia alvo) direcionam a Cas9 ao alvo
por meio de pareamento de bases complementares. A Unica exigéncia para a escolha da
sequéncia alvo € que ela esteja adjacente a um PAM. Assim, a atividade da Cas9 pode

ser direcionada para qualquer sequéncia de DNA na forma N20-NGG somente
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alterando os primeiros 20 nucleotideos do gRNA para serem complementares a
sequéncia alvo (Lin and Musunuru, 2016).

No ano de 2012 forma feitas as primeiras demonstragdes de que a Cas9 poderia
ser programada para clivar varias sequéncias de DNA in vitro (Jinek et al., 2012). J4 em
2013 foram publicados os primeiros artigos mostrando que o sistema funciona de forma
eficiente em diversas células e organismos (Cong et al., 2013; Mali et al., 2013). Ainda
sdo poucos os trabalhos publicados que utilizam CRISPR-Cas9 para tratar doengas
genéticas. Paquet e colaboradores (2016) descreveram um método baseado em
CRISPR-Cas9 para induzir muta¢des pontuais especificas em homo e heterozigose por
meio de HDR com alta eficiéncia. Em outro trabalho, camundongos com uma mutagao
no fator IX de coagulagdo, causadora de hemofilia B, foram criados utilizando-se o
sistema CRISPR-Cas9. Em animais adultos, vetores com componentes do sistema para
clivagem e um vetor doador com a sequéncia correta foram injetados in situ nos
animais. A analise do figado dos camundongos revelou que aproximadamente 0,56%
dos alelos foram corrigidos, o que foi suficiente para restaurar a homeostase dos animais
(Guan et al., 2016). O sistema também foi utilizado para corrigir uma mutagdo que
provoca fibrose cistica em células intestinais derivadas de pacientes Os pardmetros

associados a doenga foram resgatados nas células corrigidas (Schwank et al., 2013).
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2. JUSTIFICATIVA

Apesar do vasto numero de trabalhos e aplicagcdes descritas para as tecnologias
de edi¢do génica para adicdo ou correcdo de genes em linhagens celulares ou em
modelo animal, ainda sdo escassos os relatos do uso do sistema CRISPR/Cas9 ou
mesmo ZFN e TALEN para corrigir gendtipos causadores de DLD, menos ainda em
mucopolissacaridoses. A possibilidade de correcdo de mutacdes causadoras da doenca
em células de pacientes com esta tecnologia abre alternativas de formas de tratamento
efetivas a longo prazo, seguras e com grandes vantagens em relacdo aos tratamentos

disponiveis atualmente.
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3. OBJETIVOS

3.1. Objetivo geral

O objetivo geral deste trabalho foi utilizar o sistema de edi¢do génica CRISPR-
Cas9 para a correcdo gé€nica em um modelo de doenga genética monogénica, a

Mucopolissacaridose tipo I.

3.2. Objetivos especificos

- Realizar uma revisdo bibliografica sobre as melhores estratégias para o uso de

edicdo génica para o tratamento de doengas lisossdomicas de deposito.

- Estabelecer um protocolo simples e eficiente para transfeccao de células tronco

mesenquimais humanas.

- Transfectar fibroblastos de pacientes com MPS I homozigotos para p.W402X

utilizando o sistema CRISPR-Cas9 e um vetor doador com a sequéncia correta.
- Avaliar a corre¢do das células transfectadas por meio do aumento da atividade

de IDUA, da recuperagdo do tamanho e nimero de lisossomos, ¢ da modificagdo da

sequencia génica.
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4. RESULTADOS

4.1. Artigo I: Genome Editing: Potential Treatment for Lysosomal Storage

Diseases

Current Stem Cell Reports. March 2015, Volume 1, Issue 1, pp 9-15
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Abstract The recent progress in genome editing technology
using the engineered zinc finger nucleases (ZFN), transcrip-
tional activator-like effector nucleases (TALEN), and more
recently, clustered regularly interspaced short palindromic
repeat-CRISPR-associated protein 9 (CRISPR-Cas9) system
have enabled the possibility of precisely modifying target sites
in the genome. This technology brings hope of a cure for
many genetic diseases. With this review, our goal is to discuss
how targeted genome editing can be combined with hemato-
poietic stem cell transplantation and other approaches to be
used for the treatment of a particular group of genetic
diseases, the lysosomal storage disorders. We also highlight
which diseases within this group would potentially benefit
from this treatment and what are the main problems to be
addressed to transform this promising technology into reality.

Keywords Zinc finger nucleases - TAL effector

nucleases ~ CRISPR-Cas9 * Lysosomal storage disorders

Introduction

Human genetic diseases arise from mutations in genomic
DNA that abrogate normal function of genes. The emergence
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of recombinant DNA technology, which could enable the
delivery of a “new gene” into the cells of patients, has
brought hope of a cure for these diseases, and represents
the prototype of gene therapy. Different biological strate-
gies for genome engineering have appeared, but most of
them have shown limitations related to low efficiency in
gene delivery or in maintaining its expression or present
significant risks related to the random insertion of the ther-
apeutic gene into the genome [ 1, 2]. Recently developed
protocols for genomic editing through the use of nucleases
have provided a much simpler and safer way for targeted
gene modification. The engineered proteins zinc finger nu-
cleases (ZFNs) and transcriptional activator-like effector
nucleases (TALENSs) are based on DNA-binding proteins,
whereas the clustered regularly interspaced short palin-
dromic repeat-CRISPR associated protein 9 (CRISPR-
Cas9) system is based on RNA-guided DNA recognition [
3]. They can all be programmed to generate targeted
double-strand breaks in genomic DNA. The break activates
repair through error-prone non-homologous end joining or
homology-directed repair. If non-homologous end joining
is activated, the result is insertions and/or deletions (indels)
that disrupt the target locus. In the presence of a donor
template with homology to the targeted locus, the
homology-directed repair pathway operates allowing for
precise mutations to be made or corrected, or for DNA
sequences to be inserted at much higher frequencies than
conventional gene targeting. Double-strand break genera-
tion can increase rates of homologous recombination of
ssDNA and dsDNA donors by 5-fold and 130-fold, respec-
tively [ 4]. Several studies in cells and animal models
using this technology as a form of gene therapy have been
published, demonstrating its advantages over conventional
gene therapy protocols (Table 1). With this review, our
goal is to discuss how targeted genomic editing can be
used for the treatment of a particular group of genetic dis-
eases, the lysosomal storage disorders (LSD), which
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Table 1 List of main pre-clinical studies using nuclease-mediated genome editing to correct mutations in genetic diseases

Genetic disease Gene Model organism Strategy Reference
X-linked severe combined immunodeficiency IL2RG Human hematopoietic stem cells ZFN [5°]
a-1-antitrypsin deficiency A1AT iPSCs derived from patient ZFN [ 6]
Parkinson’s disease LRRK2 iPSCs derived from patient ZFN [7]
Sickle cell disease HBB iPSCs derived from patient TALEN [ 8]
X-linked severe combined immunodeficiency IL2RG Jurkat cells TALEN [9]
Retinal disease CRBI1 Fertilized oocytes from a mouse model TALEN [ 10]
B-thalassemia HBB iPSCs derived from patient CRISPR-Cas9 [11]
Hereditary tyrosinemia FAH mouse model CRISPR-Cas9 [ 12]
Duchenne muscular dystrophy DMD Germ line of mdx mice CRISPR-Cas9 [ 13]

diseases within this group would benefit from this technol-
ogy, and what are the main problems to be addressed to
transform this promising technology into reality.

Lysosomal Storage Disorders

Lysosomal storage disorders (LSD) are a group of approxi-
mately 50 genetically inherited diseases, characterized by total
or partial deficiency of one specific enzyme involved in the
degradation pathways of macromolecules in the lysosome [
14]. They are monogenic and for most of them, a large num-
ber of mutations have been described. Some mutations cause
complete loss of enzyme activity, while others only reduce
this activity. Storage of undergraded or partially degraded
material, usually the substrate of the defective enzyme, occurs
in the lysosome. Conventionally, LSD are grouped based on
the chemical nature of the non-degraded substrates that
accumulate, including mucopolysaccharidoses, lipidoses,
glycogenoses, and oligosaccharidoses [ 1].

Despite the great heterogeneity of symptoms, most of these
diseases are characterized by its progressive course with high
morbidity and increased mortality, although there are signifi-
cant variations between different diseases and among patients
with the same disease [ 15]. Generally, these diseases are
multisystemic, and clinical features include organomegaly,
central nervous system dysfunction, and coarse hair and faces.
Most patients are asymptomatic at birth and present the onset
during childhood. Their frequency varies in different regions
and populations, but although individually rare, the combined
estimated prevalence ranges from 1:4000 to 1:9000 live births
[ 14].

Although several of these diseases have no specific therapy
so far, for some LSD, hematopoietic stem cell transplantation
(HSCT) and enzyme replacement therapy (ERT) are available,
and other approaches, such as gene therapy, are being devel-
oped. These treatments are based on the fact that most lyso-
somal enzymes can be internalized by deficient cells via
mannose-6-phosphate receptors. After endocytic internaliza-
tion, the enzyme is transported by endosomes to the lysosome,

& Snrit

resulting in the breakdown of accumulated storage material
[ 16]. However, these treatments are not available to all
LSDs, many of them are in the experimental phase, and
they are not fully effective and curative.

In HSCT, stem cells from bone marrow or umbilical cord
blood from healthy donors are transplanted. Evidence shows
that its efficacy relies not only on the migration of donor cells
into bone marrow and reconstitution of the blood lineage, but
to the subsequent migration of engrafted cells into many dis-
ease target organs, including the brain, where they replace the
resident enzyme-deficient population; thus becoming a local
and steady source of the functional enzyme [ 17]. When suc-
cessful, HSCT may prolong the patient’s life, preserve
neurocognition and enhance somatic changes. Major draw-
backs of the HSCT include the significant risks associated
with this procedure, such as the possibility of developing
graft-versus-host disease, the difficulty of finding HLA-
compatible donors and development of chimerism [ 18¢]. So,
its use in many countries has been deferred in favor of ERT
whenever it is available.

In ERT, the deficient recombinant enzyme is administered
to the patient by means of repeated intravenous injections.
Despite being an effective and safe treatment option for vari-
ous LSD, ERT also has important limitations. Among them
are the adverse reactions presented by some patients, the high
cost of treatment, the life-long dependence on weekly 4—5-h-
long infusions and the limited ability to correct neurological
and skeletal pathology [ 19].

Given the limitations presented by existing therapies in the
treatment of LSD, investigation of new therapies aiming at
increasing treatment effectiveness becomes necessary. Many
studies have been developed in this direction, each using a
different aspect of the disease to the development of different
approaches, among them gene therapy. Gene therapy may
overcome some of these problems, as it may allow constant
delivery of the enzyme direct to target organs and eliminates
the need for weekly infusions. Also, correction of a few cells
could lead to the enzyme being secreted into the circulation
and taken up by their neighboring cells, resulting in
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widespread correction of the biochemical defects. So, the
number of cells that must be modified with a gene transfer
vector is relatively low [ 15]. Moreover, precise
transcriptional regulation is probably not necessary as
over-expression of lysosomal enzymes does not appear to
be detrimental and as little as 5—10 % normal levels of
enzyme can be therapeutic for several LSD [ 20].

Genetic modification can be performed either ex vivo or in
vivo. The ex vivo strategy is based on modification of cells in
culture and transplantation of the modified cell into patient [ 1].
Cells that are most commonly considered therapeutic targets for
monogenic diseases are stem cells. Advances in collection and
isolation of these cells from a variety of sources have promoted
autologous gene therapy as a viable option for LSD. In mouse
models of LSDs, genetically modified neural stem cells encoding
for enzyme genes effectively decreased lysosomal storage,
reduced pathology, and extended life span of animals [ 21].
Mesenchymal stem cells and inducible plu-ripotent stem cells
(iPSC) are also being used with this pur-pose [ 6, 7, 22].
However, as already mentioned, conventional gene therapy
protocols have important limitations; among them are safety
issues related to immune response and the possibility of
insertional mutagenesis in the case of viral vec-tors, and low
efficiency with non-viral vectors.

Genome Editing Combined with HSCT: Potential to
Treat LSD

The use of endonucleases for targeted genome editing can
solve the limitations presented by the usual gene therapy pro-
tocols. These enzymes are custom molecular scissors,
allowing cutting DNA into well-defined, perfectly specified
pieces, in virtually all cell types. Moreover, they can be deliv-
ered to the cells by plasmids that transiently express the nu-
cleases, or by transcribed RNA, avoiding the use of viruses [
23]. This technology, combined with HSCT, may represent a
milestone for treatment of LSD. Hematopoietic stem cells
extracted from a patient could be transfected with vectors
encoding endonucleases designed to cleave at sites near the
specific mutation and with a donor vector. The donor vector
contains a region homologous to the mutated region, however,
with the correct nucleotide sequence, and would serve as a
template for repair of DNA damage after the double-strand
break. Then, the cells which internalize the two vectors, in
which the cleavage and homologous recombination occur,
would have the correct gene sequence, and may be selected
and implanted back into the patient (Fig. 1). Combining au-
tologous HSCT with nuclease-mediated genome editing
would have the advantages of lower risk of infection during
the patient’s treatment, since the recovery of the immune func-
tion is rapid. Also, it would avoid the development of
rejection (graft-versus-host disease), since the donor and the
recipient are the same individual [ 24].

However, the clinical experience obtained so far with con-
ventional HSCT suggests that the success of this procedure
will probably be limited to some LSD. Factors predicting the
success of the treatment are generally disease-specific. The
main LSD with good evidence of transplant efficacy are Hurl-
er syndrome (MPS I), Hunter syndrome (MPS II), Maroteaux-

Lamy syndrome (MPS VI), Sly syndrome (MPS VII), and a-
mannosidosis [ 25]. These diseases would probably be also
the ones with greater chance to benefit from the combined
treat-ment HSCT + genome editing. Moreover, other LSDs
with evidence from limited series that suggest that
transplantation may be efficacious, or for which HSCT has
not been widely applied, but it may be expected to have some
advantage, the combined treatment may have advantages over
the HSCT and become an option. In this group, diseases with
milder pheno-types, for which HSCT was not formerly
offered because of the perceived risk, can be included.

The HSCT is more effective in younger patients [ 18e].
Therefore, it is important to consider the time it would take to
have the final diagnosis and identification of the mutation, the
construction of vectors for site-specific cleavage and ho-
mologous recombination, and finally, cell repair and trans-
plantation. Therefore, patients who have common mutations
in certain populations could benefit, since the vectors are mu-
tation-specific, and pre-clinical tests would be preferentially
performed in these mutations, allowing the acquisition of in-
formation regarding correction rates and safety issues, for ex-
ample. Table 2 shows the LSDs most likely to benefit from
treatment with HSCT combined with genome editing, since
they are treatable by HSCT and have reported common muta-
tions in some populations.

The proposed strategy has been studied experimentally in
other genetic disease models and the results are promising.
Genovese et al. used ZFN genome editing in a model of X-
linked severe combined immunodeficiency (SCID-X1). They
showed evidence of targeted integration in human hematopoi-
etic stem cells by long-term multilineage repopulation of
transplanted mice. They also demonstrated the therapeutic po-
tential of the strategy by targeting a corrective complementary
DNA into the IL2RG gene of HSCs from healthy donors and
a subject with SCID-X1. Gene-edited HSCs sustained normal
hematopoiesis and gave rise to functional lymphoid cells that
possess a selective growth advantage over those carrying dis-
ruptive IL2ZRG mutations [ 5¢]. The more recent technology of
the CRISPR-Cas9 system seems to be even more effective
than ZFN and has been used in proof of principle treatment
for genetic diseases. This system was used to correct a muta-
tion that causes cystic fibrosis in both patient-derived primary
cultured small intestinal cells and large intestinal stem cells.
When assayed in organoid culture, disease-associated defects
were rescued in these engineered cells [ 33].

Another approach that could be used for LDS is correcting
other types of stem cells. Mesenchymal stem cells could be a
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Fig. 1 Schematic representation of
the proposed treatment.
Hematopoietic stem cells
extracted from a patient could be
transfected with vectors encoding
the tailored endonuclease and
with a donor vector to guide the
homologous recombination. Then,
the corrected cells may be
selected ex vivo and implanted
back into the patient. HSC
hematopoietic stem cells, DBS
double strand break

good option for treating specific organs affected by the dis-
eases. These cells can be easily obtained from bone marrow or
adipose tissue. After editing their genome, the cells could be
expanded in culture and reinserted into the patient to produce
differentiated cells with corrected functions. Attempts with
other gene therapy strategies have been made to use these
cells to treat LSD. Meyerrose et al. (2008) transduced human
bone marrow-derived mesenchymal stem cells with a

lentiviral vec-tor expressing p-glucuronidase and transplanted
them into the xenotransplant model of MPS VII. Transduced
cells persisted in the animals that underwent transplantation
for the length of the study (4 months), expressed high levels
of enzyme and reduced lysosomal storage in several critical
tissues [ 34]. Moreover, studies using inducible pluripotent
stem cells (iPSC) demonstrated that it is possible to generate
mutations in these cells with the CRISPR-Cas9 system after
inducing differentiation, allowing for studies of tissue-specific
effects [ 7]. Such studies suggest that, in the future, it may be
possible to generate iPSC from patients, correct the causative
mutation, differentiate the cells and reintroduce them back
into the patient.

HSC

.

Mutate

S\’
H \m - Corrected e

Pitfalls to be Addressed

The potential of combining autologous HSCT with ge-
nome editing in gene therapy for LSD is evident. How-
ever, before this technology can be used as treatment for
these diseases, some obstacles must be overcome. Some of
them are related to hematopoietic stem cells, and are
common to other forms of gene therapy on stem cells.
After modification, it would be ideal that the selected cells
could be expanded in culture before being reimplanted into
the patient. Several protocols for expan-sion of these cells,
the majority using cytokines in the culture medium, are
being studied and showed good re-sults in mouse cells [
35]. However, when tested in larger animals or humans,
the same protocols do not seem to work well [ 36, 37].
Thus, appropriate clinical expansion protocols are still
lacking.

Regarding HSCT, some LSD, including MPS III (Sanfilippo
syndrome), Batten disease, and late infantile ceroid lipofuscinosis
(LINCL) do not respond to this treatment [ 25]. In these cases, it
would be necessary to try to modify

Table 2 List of lysosomal

storage diseases treatable with LSD Common mutations Combined mutant Reference
HSCT, their common mutation, alleles frequency in the
and the mutated allele population (approximate)
frequency in some populations (%)
Aspartylglucosaminuria p.C163S; c.488G>C 98 [ 26]
Gaucher disease p.L444P; c.1448T>C 67 [27]
p-N370S; ¢.1226A>G
Krabbe disease c.11614+6532 polyA+9kbdel 60 [28]
c.1586C>T, ¢.1700C>T,
c.1472delA
Lysosomal acid lipase deficiency  p.delS275 Q298; c.894G>A  50-60 [29]
e-mannosidosis p-R750W; ¢.2248C>T 27 [ 30]
Metachromatic leukodystrophy c.459+1G>A 25 [31]
Mucopolysaccharidosis p-W402X; c.1293G>A 70 [32]
type 1 p.Q70X; ¢.296C>T
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other cell types. Also, the extent of myeloablation and the
number of modified cells that would be transplanted must
be well studied.

Even though genome editing with nucleases has been
applied in many model organisms, there are still funda-
mental attributes that are unclear and need further investi-
gation. These include molecular aspects of the systems.
For example, the ratio of Cas9 to gRNA in the CRISPR-
Cas9 system greatly affects mutagenesis efficiency [ 38,
39]. Theoretically, the more complexes are formed, the
higher editing efficiency is expected. However, excessive
cleavage efficiency can result in off-target breaks, one of
the main problems related to nucleases. Unspecific cleav-
ages were reported in several studies, not only using
CRISPR-Cas but also for ZFN and TALEN [ 40— 42]. Sev-
eral methods have been studied to detect these off-target
sites and thus improve the selection of cells before use.
However, it is important to develop methods to optimize
the systems by controlling component expression, improv-
ing target selection criteria, and engineering the nucleases
to provide higher specificity.

Another area that needs optimization is the delivery of
the genetic material to the cells. In the case of hematopoi-
etic cells, for which the protocols for in vitro expansion do
not work well, it is important that a large fraction of cells
taken from the patient is properly modified. This largely
depends on the efficiency of transfection. There are differ-
ent ways of delivery systems for generating active nuclease
components (e.g., plasmid-, DNA fragment-, and RNA-
based delivery), and the best way must be determined for
each cell type. Optimized electroporation and lipofection
protocols for each cell type are also crucial to the success
of the strategy. Besides being used directly for genome
editing [ 43], viral vectors are being used in combination
with ZFN, TALEN, and CRISPR-Cas9. For transfection-
resistant cell types, the use of viral vectors, such as
integrase-deficient lentiviral vectors, adeno-associated vi-
rus-derived vectors, or adenoviral vectors, instead of plas-
mids, can be an option. An integrase-deficient lentivirus
vector was successfully used for delivering ZFN into a
panel of human cell lines and stem cells [ 44]. However,
for TALEN delivery, this method does not seem to be so
effective. For this system, adeno-associated virus vectors
are indicated [ 45]. Viral vectors are also being used for
delivering CRISPR-Cas9 system components. Maggio et
al. transduced cells with this combination and observed
rates of targeted mutagenesis similar to those achieved by
isogenic adenovirus encoding TALEN targeting the same
chromosomal region [ 46]. Moreover, factors affecting re-
combination efficiency, including the characteristics of the
mutations, sizes and positions of the homologous flanking
arms, and the stability of the given templates before HDR
occurs remain to be evaluated.

Conclusions

The need for new therapies aimed at increasing treatment ef-
fectiveness for LSDs is evident, since the few therapeutic op-
tions available have important limitations. Combining
targeted genome editing and HSCT seems to be a promising
strategy to treat some of these diseases, especially those that
are responsive to HSCT and have common mutations de-
scribed. ZFN, TALEN, and CRISPR-Cas9 systems have the
potential to correct mutations on specific sites, via double-
strand break followed by homologous recombination, and
have proven to be efficient in treating other genetic diseases.
However, since these technologies are very recent, some ob-
stacles must be addressed. Additional methodological ad-
vances both in HSCT and nuclease-mediated genome editing
will undoubtedly further enhance the use of these techniques,
and make them a possible option for curing LSD.
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Abstract

Mesenchymal stem cells (MSC) are being considered as potential targets for cell
and gene therapy-based approaches against a variety of different diseases. The MSC
from bone marrow are a promising target population as they are capable of
differentiating along multiple lineages and have significant expansion capability. These
characteristics makes them strong candidates for delivering genes and restoring organ
systems function. However, as other primary cells, MSC are difficult to transfect. In
order to standardize a simple and efficient protocol for transfection of MSC, we
conducted a series of experiments and achieved a protocol that does not require the use
of viral particles or specific expensive equipment and reagents. Here we report an
optimized protocol for MSC transfection with Lipofectamine 3000®, that yields good

transfection efficiencies for human MSC (up to 26%), and is rapid, simple and safe.

Introduction

Stem cell therapy has opened up new possibilities for the field of regenerative
medicine and cellular therapy. Mesenchymal stem cells (MSC) are multipotent adult
stem cells that have been widely studied and utilized. Among the reasons are the ease of
isolation from a wide range of adult and neonatal tissues, including bone marrow,
adipose tissue, umbilical cord, and amniotic fluid (Amorin et al., 2014). They have the
ability of self-renewal, can be expanded to a large scale in culture without losing its
stem cell properties, and can differentiate into mesodermal derivatives, such as
adipocytes, osteocytes and chondrocytes (7). Also, MSC have a natural capacity to
immune protect injured tissues (Kim et al., 2016) and inhibit immune surveillance (Han
et al., 2012), thus allowing for tissue regeneration through the production and release of
immunomodulatory molecules.

Advances in stem cell and molecular biology have opened up new possibilities
for manipulating the fate and the functionality of MSC. As these cells show tropism for
sites of injury (Han et al., 2012), they represent an ideal vehicle to express therapeutic
proteins. Genetic engineering, with a wide variety of methods to induce gene expression

in a precise and controllable manner, is particularly attractive. By delivering the
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inductive genes, MSC could be guided to differentiate towards the desired lineages and
could serve as a gene/drug delivery carrier after (Uchibori et al., 2014).

However, when considering the use of MSC in genetic engineering, many
practical problems should be resolved, among which is the lack of a safe and efficient
method of gene delivery(Santos et al., 2011; Wang et al., 2014). One widely used
method is electroporation. This uses a pulsed electrical field to make the cell membrane
permeable and allow the entry of DNA into both dividing and nondividing cells.
Although several reports have shown electroporation to be a high efficient method, most
of these reports rely on a specific electroporator, with preset programs and unique
electroporation buffers (Zeitelhofer et al., 2007).

Viral-based vectors are currently the most commonly used methods to deliver
genes to almost all types of cells (Lukashev and Zamyatnin, 2016), as in general they
allow a high efficient gene delivery and consequently a sustained gene expression.
However, these vectors suffer from serious safety issues such as immunogenicity and
oncogenesis. Non-viral vectors are generally regarded as safer alternatives, are easier to
produce and manufacture in large-scale, and can carry large therapeutic genes, thus
being a more attractive option from a clinical point of view (Matte et al., 2011a).

®, a cationic lipid-based reagent,

Among the non-viral methods available, Lipofectamine
has provided successful transfection to a wide range of mammalian cell lines using a
simple protocol (Schenborn and Oler, 2000). The positively charged lipids interact
electrostatically with nucleic acids (negatively charged), forming complexes that
facilitate the internalization of the exogenous genetic material by the cell through
endocytosis (Wasungu and Hoekstra, 2006). However, despite these advantages, this
system still generally shows low to moderate gene transfer efficiency in MSC, a cell
type known to be difficult to transfect (Wang et al., 2014).

Here we report an optimized protocol for MSC transfection with Lipofectamine

3000®. The method yields good transfection efficiencies for human MSC (up to 26%),

is rapid, simple and safe.
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Matherials and methods

Human mesenchymal stem cells isolation and culture

Human cell samples were obtained from healthy donors for hematopoietic stem
cells transplantation after informed donor consent under protocols approved by the
ethical review board from the Hospital de Clinicas de Porto Alegre. Discharged bags
and filters of BM aspirates were obtained, and total nucleated cells were isolated by
elution with saline (0.9% NaCl, Baxter, SP, Brazil). The cells were then centrifuged and
the pellet was resuspended in DMEM supplemented with 10% platelet lysate (Doucet et
al., 2005) and 1% penicillin/streptomycin, and were maintained under normal tissue
culture conditions (37°C, 5% COz in a humidified atmosphere). Medium was replaced

every 3—4 days.

Characterization of MSC

MSC were identified by surface antigen marker evaluation using flow
cytometry. Briefly, cells were detached with trypsin/EDTA and incubated with the
isotype control and specific antibodies (CD105 PE, CD45 FITC, CD73 PE, CD14
FITC, CD90 PE, HLA-DR FITC, CD29 PE, CD34 PE) (Becton, Dickinson and
Company, USA) in the appropriate combinations. The cells were then incubated for 30
min at 4°C, protected from light, washed, resuspended in 0.5 mL PBS and assayed in a
flow cytometer (FACSCalibur, Becton Dickinson).

To analyze the differentiation potential of the cells in vitro, they were seeded
on 12 well plates at 0,5x10° cells/cm? and cultured for 2 weeks with adipogenic,
osteogenic or chondrogenic differentiation medium (StemPro®, Thermo Fischer
Scientific, USA). To check for calcium deposition, presence of lipids, and sulfated
glycosaminoglycans, cells were fixed in 10% formalin and stained with Alizarin Red S
(Merck, Germany), Oil Red-O (Merck, Germany) and Alcian blue (Sigma, USA),

respectively.
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Plasmid preparation

The enhanced green fluorescent protein (eGFP)-expressing plasmid pIRES2-
EGFP (5.3 kb, Life Technologies, USA) was used for the experiments. The
concentration of purified pDNA solutions was assayed by spectrophotometry at 260 nm
(Nanodrop, Thermo Scientific), and DNA integrity was confirmed using DNA agarose
gel stained with Sybr Gold (Thermo Fischer Scientific, USA).

MSC transfection

For electroporation, two cell concentrations were tested, 0.5x10% and 1x10°,
using a protocol described by Helledie et al. (2008). Cells were resuspended in OPTI-
MEM, transferred to a 4 mm electroporation cuvette, mixed with 60 pg of plasmid
DNA and electroporated using Gene Pulser XCell (BioRad, USA), with an exponential
program and the following settings: 350 V, 950 uF and 200 Q. After electroporation,
cells were incubated for 5 min at room temperature and transferred to tissue culture
plates in maintenance media. After 24 h, media were changed to remove debris and
dead cells.

For transfection with Lipofectamine 3000® (Life Technologies, USA), cells were
plated in 24-well plates and cultured with DMEM supplemented with 10% platelet
lysate and 1% penicillin/streptomycin, and maintained under normal tissue culture
conditions (37 °C, 5% COz in a humidified atmosphere) for 24 hours before
transfection. Three different Lipofectamine 3000® reagent volumes (0.75, 1.5 and 3.0
uL) and three quantities of plasmid DNA (0.5, 1.0 and 1.5 pg) were compared. After
stablishing the best conditions, five cell concentrations were tested. With the best cell
concentration, four cell passages were compared. The protocol was performed
according to the supplier’s instructions. Briefly, plasmid DNA was mixed with OPTI-
MEMI (Life Technologies, USA) and the P3000 reagent (Life Biotechnologies, USA)
in a microcentrifuge tube. In a separate tube, Lipofectamine 3000® reagent was diluted
in OPTI-MEM. The contents of the two tubes were then combined by gentle pipetting
and incubated at room temperature for 5 min, allowing the formation of DNA/lipid
complexes. Then the transfection mixture was added to the cells in culture. All

transfection experiments were performed in triplicate.
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Flow cytometry

Forty-eight hours after transfection, cells were harvested using trypsin and
resuspended in phosphate buffered saline (PBS). The percentage of GFP-expressing
cells was determined by flow cytometry (FACSCalibur, Becton Dickinson) using BD
FACSDiva software. First, an FSC/SSC gate was delineated in order to define a live
gate analysis, and then a gate in the FL1-FL3 plot was set to exclude all GFP-negative
cells. Nonspecific fluorescence was determined using the nontransfected cells. For each

sample, 10,000 events were acquired.

Data analysis

All data is presented as mean — standard deviation. Statistical significance was

determined by one way ANOVA or Kruskal Wallis test and set at p < 0.05.

Results

To establish a quick and efficient transfection protocol for human MSC, two
methods with different variations were tested: conventional electroporation and
lipofection with Lipofectamine 3000®. Gene delivery was evaluated by measuring the
expression of the eGFP reporter gene encoded by the plasmid used.

After MSC characterization, electroporation was performed using a previously
described protocol (Helledie et al., 2008) with two different cell concentrations. The
cells were transfected with the same parameters and examined by flow cytometry for
fluorescence detection 48 h after transfection. The groups with higher initial number of
transfected cells (1x10° cells) showed more intense fluorescence than the other group
(0.5x10%) (P<0.05) (Figure 1). Although showing relative efficiency, this protocol
requires a large number of cells for each transfection, and presents high cell mortality
determined by a high number of floating dead cells in the culture media.

In order to optimize an alternative protocol with better transfection efficiency in
human MSC, different DNA/lipid ratios, cell confluence and number of cell passages
were tested and compared. Fluorescence intensity was quantified by flow cytometry 48
hours after transfection. In the first experiments, three different lipid volumes were

tested, 0.75, 1.5 and 3.0 pL per well, with different DNA quantities. The lower volume
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(0.75 pL) of lipid was tested with two DNA quantities: 0.5 and 1.0 pg. The larger lipid
volume (1.5 pL) was combined with 0.5, 1.0 and 1.5 pg of DNA, and the highest lipid
volume (3.0 pL) was mixed with 1.0 and 1.5 pg of lipid DNA. The results from these
experiments showed better transfection efficiency for four lipid/DNA ratios: 0.75/0.5,
1.5/0.5, 1.5/1.0 and 3.0/1.0. The lipid volume of 1.5 pL appears to be better than the
other two lipid volumes tested, demonstrating higher transfection efficiency with 0.5
and 1.0 pg of DNA (Figure 2).

So the next experiment, to test the influence of cell confluency in the
transfection efficiency, was performed with two lipid/DNA relations: 1.5 pL/0.5 pg and
1.5 uL/1.0 pg. Five different number of cells were plated 24 hours before transfection:
2x10°, 1x10°, 0.5x10°, 0.25x10° and 0.12x10°. The highest fluorescence intensities were
detected in the three groups with lower cell confluence (0.5x10°, 0.25x10° and 0.12x10°
cells). In these groups, the lipid/DNA ratio 1.5 pL/0.5 pg also showed to be more
efficient (Figure 3). For the first two sets of experiments, cells at passages 2-3 were
used. The next tests were conducted to check the influence of the number of cell
passages in transfection efficiency. MSC at passages 4, 6, 8 and 9 were tested. Each cell
passage was tested with two lipid/DNA ratios (1.5/0.5 and 1.5/1.0) and at three different
cells confluences (1.0x10°, 0.5x10° and 0.25x10° cells plated).

To confirm that MSC at late passages still maintained their stem cell
characteristics, passage 9 cells were plated and subjected to adipogenic, osteogenic and
chondrogenic differentiation protocols. After incubation for two weeks with the specific
medium, cells were submitted to staining protocols for adipocytes, osteocytes or
chondrocytes. Differentiated cells were observed for all three protocols. (Supplemental
figure 1). However, the transfection protocols performed on cells with late passages did
not show good results. In general, the greater the number of cell passages, the lower the
transfection efficiency (Figure 4).

Before being subjected to fluorescence detection by flow cytometry, the cells
were observed under an optical microscope to check cell morphology. No obvious

alterations were observed in any of the tested protocols.

49



Discussion

In the past years, MSC have been extensively studied and used in genetic
engineering with promising results. Genetic modification of these cells can be used as a
tool for studying their molecular and biological mechanism and therefore accelerate
their use in clinical applications. However, as other primary cells, MSC are known to be
difficult to transfect. In order to standardize a simple and efficient protocol for
transfection of MSC, we conducted a series of experiments and achieved a protocol that
does not require the use of viral particles or specific expensive equipment and reagents.

We first tested an electroporation protocol. Probably due to differences in cells,
DNA, or equipment, we did not obtain the same results described by Helledie et al
(2008). The authors reported having achieved up to 80% of transfected cells, whereas
with the same protocol, we got up to 18% of transfected MSC. In addition, large cell
mortality was observed, determined by a high number of floating dead cells in the
culture media. This was not observed for lipofection protocols.

We then tested different conditions to standardize lipofection transfection.
Lipofection is one of the most widely used nonviral methods to deliver nucleic acid to a
great variety of cells (Fiume et al., 2016). We compared different conditions for
transfection of human MSC with the reagent Lipofectamine 3000®. First, we tested
different lipid/DNA ratios. A large amount of research has been conducted with the aim
of defining physicochemical characteristics of liposome/DNA complexes leading to
better transfection efficiency. Overall, it can be only concluded that characteristics of
lipid/DNA complexes influence the efficiency of liposomes as delivery systems and
additionally influence each other (Brgles et al., 2012). Since the best ratio can vary
widely for each cell type, we tested seven conditions and determined the best two, that
were then used in the subsequent experiments.

The next experiments were performed to verify if cell confluence at the time of
transfection could have great influence on the results. Five different cell numbers were
tested, and the results showed that the three conditions of lower cell confluence showed
better results than the two with the highest number of cells. This is probably because the
wells with a larger number of cells were nearly 100% confluent, while the other cells
had space and therefore cell division rate was higher. Lipofection is dependent on both
cell division and endocytosis rate (Gresch et al., 2004). In dividing cells, the exogenous

DNA may reach the nucleus by being trapped in the reassembling nuclear envelope
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following mitosis. Usually, as MSCs are rare in their niches, they have to be cultivated
for several passages in order to reach clinically relevant cell numbers. Thus, the
influence of MSC passage number on transfection efficiency was studied herein. We
conducted the same protocol in cells from passages 4, 6, 8 and 9, and observed a
decrease in transfection efficiency, especially in cells from passages 8 and 9. Other
studies had already observed this decrease in transfection efficiency in MSC in later
passages. Interestingly, this decreased efficiency in later passages did not correlate to a
decrease in cell’s ability to differentiate. However, it is worth noticing that
differentiation efficiency was not directly compared between earlier and later passages
in this study. Anyway, the higher transfection efficiency observed at lower passages
may be the result of a higher nuclear uptake and/or a more efficient

transcription/translation of the eGFP gene (Madeira et al., 2010).

Conclusion

In summary, we have demonstrated a simple optimized protocol with
Lipofectamine 3000® that can improve MSC transfection efficiency. To our optimized
protocol, MSC at early passages are plated at low density to achieve confluence of
approximately 70% after 24 hours, when they will be transfected using a ratio
lipid/DNA of 3.0 puL/pug. With this protocol, we could achieve up to 26% of cells
expressing eGFP fluorescence (Figure 5) 48 hours after transfection, which is a

reasonable number for this type of cells.
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Figure legends

Figure 1: Electroporation of MSC. Two different cell concentrations were
electroporated with the same parameters and examined by flow cytometry for eGFP
fluorescence detection 48h after transfection. Results are presented as mean + SEM of

experiments with triplicates. *Student’s t test, p>0.05

Figure 2: Effect of lipid/DNA ratio on transfection with Lipofectamine 3000®. Forty-

eight hours after transfection, the best efficiency was obtained with four lipid/DNA
ratios: 0.75/0.5, 1.5/0.5, 1.5/1.0 and 3.0/1.0.

Figure 3: Effect of cell confluency on transfection with Lipofectamine 3000®. The
highest fluorescence intensities were detected in the three groups with lower cell
confluence (0.5x10°, 0.25x10° and 0.12x10° cells). In these groups the lipid/DNA ratio
3.0 uL/pg also showed to be more efficient.

Figure 4: Effect of cell passage number on transfection with Lipofectamine 3000®.
MSC at passages 4, 6, 8 and 9 were tested. Each cell passage was tested with two
lipid/DNA ratios (3.0 uL/pug and 1.5 pL/ug) and at three different cells confluences
(1.0x10°, 0.5x10° and 0.25x10° cells plated). In general, the greater the number of cell

passages, the lower the transfection efficiency.

Figure 5: Representative histogram from the protocol with better transfection
efficiency: MSC at sixth passage, with approximately 70% of confluence, transfected

using a ratio lipid/DNA of 3.0 uL/ug.
Supplemental figure 1: Plasticity of MSC at passage 9 grown under our conditioned

media for differentiation into A) osteoblasts (in alizarin red staining), B) adipocytes (in

oil red O staining), and (c) chondrocytes (in alcian blue staning). 20x magnification
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Figure 2
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Figure 3
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Supplementary figure 1

A) Osteoblasts B) Adipocytes C) Chondroblasts
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4.3. Artigo 3: Gene editing using the CRISPR-Cas9 system in human MPS I
fibroblasts

Artigo a ser submetido para a revista “Gene Therapy”.
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Abstract

Mucopolysaccharidosis type I (MPS 1) is a lysosomal storage disorder caused by
mutations in the /DUA gene, which leads to accumulation of the glycosaminoglycans
dermatan and heparan sulfate. The CRISPR-Cas9 system is a new and powerful tool
that allows gene editing in precise points of the genome, thus allowing gene correction
when a normal sequence is provided along with the system. In this study we used
genome editing technology with CRISPR-Cas9 to correct in vitro one of the most
common mutations in MPS I patients, responsible for severe MPS I phenotype. Human
fibroblasts homozygous for p.W402X were transfected and analyzed at up to one month
after treatment. IDUA activity was significantly increased, there was a decrease in
lysosomal number and next generation sequencing confirmed that a percentage of cells
bared the normal sequence, confirming that the pathogenic mutation was corrected in
these cells. This study is proof-of-concept that genome editing with CRISPR-Cas9 may
be used for correction of mutations responsible for MPS I, and opens the possibility of

using this technology as a new therapeutic approach in lysosomal storage disorders.

Introduction

Mucopolysaccharidosis type I (MPS 1) is an autosomal recessive disorder caused
by a deficiency of the lysosomal enzyme alpha-L-iduronidase (IDUA; EC 3.2.1.76);
which leads to accumulation of its catabolic substrates dermatan and heparan sulfate
(D'Aco et al, 2012). Its deficiency leads to progressive accumulation of undegraded or
partially degraded substrate within lysosomes, leading to an increase in the number and
size of these organelles. This alters cellular homeostasis, with subsequent multiorgan
dysfunction (Campos and Monaga, 2012). It is a chronic and progressive disease with
heterogeneous clinical manifestations, historically classified in three main phenotypes:
severe Hurler (OMIM #67014), intermediary Hurler-Scheie (OMIM #607015) and the
attenuated Scheie syndrome (OMIM # 67016).
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In humans the IDUA gene is approximately 2.1 kb in length and has 14 exons,
producing a precursor protein of 653 amino acids (Scott et al., 1992). The enzyme has
an initial size of 73 kDa and is processed to a 69 kDa mature form (At¢cEken et al.,
2016). To date, 222 different disease-causing /DUA gene mutations have been reported
(http://www. hgmd.org), with variable distribution across populations. Overall, the most
commonly reported mutations worldwide have been the nonsense mutations p.W402X
and p.Q70X, which correspond to about 70% of mutated alleles in Brazilian patients
(Matte et al., 2003). The p.W402X allele has a frequency of approximately 50% in
northern Europe, the United Kingdom, North America, and Spain (At¢Eken et al.,
2016). This mutation leads to the production of a truncated protein and has been

associated, in homozygous form, to severe Hurler syndrome (Terlato and Cox, 2003).

Currently there are two treatment options for MPS I: enzyme replacement
therapy (ERT) and hematopoietic stem cell transplantation (HSCT), but none is fully
effective and curative. Genome editing technologies have recently created new
possibilities for treatment of genetic diseases by making precise genome modifications
possible in cultured cells and in animal studies (Genovese et al., 2014; Long et al.,
2014; Xie et al., 2014). CRISPR/Cas9 (clustered regularly interspaced short palindromic
repeat) /Cas (CRISPR-associated) genome editing system uses the Cas9 nuclease to
induce a double strand break (DSB) at DNA sequences targeted by a single guide RNA
(gRNA) (Gupta and Musunuru, 2014). The cleaved DNA is subsequently repaired by
mammalian DNA repair mechanisms. Therefore, in the presence of a DNA template
similar to the target sequence, exogenous DNA can be inserted via homology-directed
repair (HDR) (Ledford, 2016). This system can be used to directly correct disease-
causing genetic mutations and may be a preferred approach for a treatment to restore
stable expression of IDUA (Carvalho et al., 2015). Here we have applied CRISPR-Cas9
system to correct p.W402X in cultured human fibroblasts homozygous for this

mutation.
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Materials and Methods

Vectors

The PrecisionXTM CRISPR/Cas9 SmartNuclease system (System Biology,
USA) was used for genome editing experiments. In this system, the Cas9 nuclease and
guide RNA formed by a crRNA-tracrRNA transcript are present in a single vector. A 20
bp target sequence adjacent to a NGG (PAM sequence) which is 14 nucleotides distant
from the mutated base on p.W402X was selected with the aid of an online software
(https://chopchop.rc.fas.harvard.edu) (Figure 1A). Sense and antisense oligonucleotides
were synthesized, annealed and ligated to the vector that encodes the Cas9. The plasmid
was grown in transformed Escherichia coli Top 10 (Life Technologies, USA) using
standard procedures and isolated using MaxiPrep High Purity columns (Life
Technologies, USA) according to the manufacturer’s instructions. The extracted
plasmid DNA was then sequenced by Sanger method to verify the correct orientation of

the insert (Figure 1B).

For targeted recombination, a 143 base oligonucleotide homologous to the
p-W402X region was synthesized with the base that is changed in this mutation replaced
by the correct nucleotide (called donor oligonucleotide). To avoid cleavage of the
oligonucleotide by Cas9, as it contains the target region recognized by the nuclease, the
PAM sequence in the donor oligonucleotide was modified by a C>A transversion
creating a silent mutation on codon p.Q407 that could also be used as a marker of gene

editing (Figure 1C).

Cell culture and transfection

All the cells were obtained from patients under informed consent and the project
was approved by the local ethics committee. Skin fibroblasts homozygous for p.W402X
and one normal control were maintained in culture with Dulbecco’s Modified Eagle’s
Medium (DMEM) (LGC Biotecnologia, Brazil) supplemented with 10% fetal bovine
serum (FBS) (Gibco, USA) and 1% penicillin/streptomycin (Gibco, USA), in a
humidified CO2 incubator at 37 °C. Fibroblasts at passages 3-8 were plated (2x10* cells

in each well of a 12-well plate) and cultured for 24 hours. Cells were transfected with
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Lipofectamine 3000 (Life Technologies, USA), according to the supplier’s instructions.
Briefly, DNA (0.5 pg of Cas9 vector and 0.5 pg of donor oligonucleotide per well) was
mixed with OPTI-MEM (Life Technologies, USA) and P3000 reagent in a
microcentrifuge tube. In a separate tube, Lipofectamine 3000 reagent (7.0 uL per well)
was diluted in OPTI-MEM. The contents of the two tubes were then combined by gentle
pipetting and incubated at room temperature for 5 min, allowing the formation of
DNA/lipid complexes. After five minutes, the transfection mixture was added to the

cells. Different sets of experiments were performed to analyze cells in different times.

Enzyme assay

At 48 hours, 7 or 30 days after transfection, fibroblasts were harvested with
trypsin, centrifuged, and resuspended in distilled water. After vortex, cells were
centrifuged and the supernatant was used to assess IDUA activity. Enzyme assay was
performed by incubating the protein extracts with the fluorescent substrate 4-
methylumbelliferylalpha-L-iduronide (Glycosynth, Germany) at 37 °C for 1 h in
formate buffer (pH 2.8). Reaction was stopped with glycine buffer and fluorescence was
measured with 365 nm (excitation) and 450 nm (emission) on a fluorescence
spectrophotometer, (SpectraMax, Molecular Devices). Results for cells were calculated
in nmol/h/mg protein and shown as percentage of IDUA activity measured in normal
fibroblasts. Results for culture medium are expressed as nmol/h/mL medium. Protein

content was quantified using the method described by Lowry.

CytoPainter LysoDeep Red Indicator labeling

To evaluate lysosome number and size, at 48 hours, 7 or 30 days after
transfection, treated fibroblasts, MPS I untreated fibroblasts and normal controls were
labeled with the fluorogenic probe CytoPainter LysoDeep Red Indicator Reagent
(Abcam, USA) according to the manufacturer’s instructions. Cells were incubated with
dye for 30 minutes at 37 °C and then washed in Hank's Balanced Salt Solution with 20
mM Hepes buffer (HHBS). Part of the cells were analyzed for fluorescence intensity by
flow cytometry and other part was fixed in 4 % paraformaldehyde for 15 minutes and

observed under a confocal microscope (Leica, Germany).
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Flow cytometry

After incubation with the lysosome dye mentioned above, live cells were
resuspended in HHBS and analyzed for fluorescence intensity levels by flow cytometry
(Attune NxT Flow Cytometer, Thermo Fisher Scientific, USA). First, an FSC/SSC gate
was delineated in order to define a live gate analysis. Fluorescence intensity from
samples were then compared by histogram analysis. The first comparison was among
MPS I and normal fibroblasts (n=5). Then the three treated groups (48 h, 7 d and 30 d)
were compared to MPS I untreated group (n=3). For each sample, 10,000 events were

acquired.

Confocal microscopy

After 30 min of incubation at 37 °C with CytoPainter LysoDeep Red Indicator,
cells on coverslips were fixed in 4% paraformaldehyde for 15 minutes, and mounted
with Fluoroshield mounting medium with DAPI (Abcam, USA). Images were acquired
in fluorescence (Ex/Em = 596/619 nm) and transmission channels with a 63x glycerin-
immersion objective in a Leica Microsystems confocal microscope (Leica, Germany).
Images were analyzed by Image] software (n=5) and the corrected total cell
fluorescence (CTCF) was calculated with the formula: CTCF = Integrated Density —

(Area of selected cell X Mean fluorescence of background readings).

Next generation sequencing

At two time points after transfection, 15 and 30 days, treated fibroblasts and
MPS 1 untreated fibroblasts were collected, centrifuged and submitted to gDNA
extraction using EasyDNA Kkit, according to the manufacturer’s recommendations. The
gDNA from transfected groups was treated with Exonuclease I (New England
Biotechnologies, USA) according to the manufacturer’s instructions to remove single
stranded DNA. All gDNA samples were then quantified by a Qubit® Fluorometer using
a Qubit® dsDNA HS Assay kit.

Libraries were amplified using lon AmpliSeq™ Library kit 2.0 (according to the
manufacturer’s recommendations, starting from 10 ng of gDNA per pool using a

customized AmpliSeq panel, composed by 2 primer pools. This panel includes 138
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amplicons covering all coding regions of 6 genes (IDS, IDUA, ARSB, GUSB, SUMF]
and HYALI). After cycling, the samples were ligated with adapters using Ion Xpress™
Barcode Adapters kit. Unamplified libraries were purified with Agencourt AMPure XP
kit (Beckman Coulter, USA) and the final product of library preparation was quantified
using Qubit® dsDNA HS Assay kit in the Qubit® Fluorometer 2.0. All barcoded
libraries were pooled in equimolar concentration (100 pM) and subsequently amplified
through emulsion PCR using the Ion PGM Hi-Q Template kit in the OneTouch2™
Instrument. The percentage of positive Ion Sphere Particles (ISPs) was verified by
Attune Acoustic Focusing Flow Cytometer. Next, positive ISPs were enriched by the
OneTouch™ ES Instrument. Finally, enriched ISPs were loaded onto an Ion 316 chip
v2 and sequenced using the Ion PGM Hi-Q Sequencing kit (Thermo Fisher Scientific)
on the Ion Torrent Personal Genome Machine, according manufacturer’s instructions.
All reagents and instruments were purchased from Thermo Fisher Scientific (USA),

except if otherwise indicated.

The sequencing raw data was processed by Torrent Suite Software Suite v5.0
(Thermo Fisher Scientific, USA) and coverage analysis and variant caller (VC) v.5.0
plugins were used. Processed reads were aligned to the hgl9 reference genome. All
identified variants were visually confirmed by the Integrative Genomics viewer (IGV),

as well as the depth of coverage.

Data analysis

For statistical analysis, the GraphPad Prism software was used. Students’ t test
was used to compare Normal and MPS I group for flow cytometry. One-way ANOVA
with Tukey as post-hoc was used to compare MPS I and transfected groups in flow
cytometry results. For enzyme assay and confocal microscopy, Kruskal-Wallis test with
Dunn as post hoc was used. Statistical differences among groups were considered when

p<0.05.
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Results

To analyze correction of a point mutation and restoration of IDUA function, a
set of experiments were performed using MPS I fibroblasts homozygous for p.W402X.
Cells were analyzed for different parameters at different time points, as described in
Materials and Methods. Transfected fibroblasts, compared to MPS I untreated cells,
showed increased IDUA activity 48 h and 7 days after transfection (p=0.01), with
values reaching almost 20% of the activity detected in normal fibroblasts. The group
examined 30 days after transfection showed intermediate values between the untreated
MPS I and treated cells analyzed at earlier time points (Figure 2A). To evaluate the
capacity of corrected cells to release the enzyme to the extracellular environment, from
which it can be taken up and contribute to lysosomal metabolism in deficient cells, the
culture medium was also analyzed. However, there was no difference between the

treated groups compared to untreated MPS I fibroblasts (Figure 2B).

The deficiency in enzyme activity in MPS I cells causes accumulation of the
undegraded substrate in the lysosome, which typically increase in size and number.
Cytotracker LysoDeep Red Indicator was used to compare differences in lysosomal
number and size between the groups. First, normal fibroblasts were compared, by flow
cytometry, to MPS 1 fibroblasts. As expected, MPS 1 cells showed a signal
approximately 50% higher than detected in normal cells (p<0.001) (Figure 3A). When
the treated groups were compared to untreated MPS 1 cells, 48 h after transfection there
was an average increase of approximately 12% of the lysosomal marker, but without
statistical difference. At 7 days after transfection, the dye signal decreased by
approximately 25% compared to MPS I group (p <0.05), showing a tendency to recover
the normal phenotype. The group analyzed 30 days after treatment showed the highest
variability, with values ranging from 30 to 80% of MPS I untreated cells. On average,
dye signal decreased by 50% compared to MPS I group, but without significant
difference (Figure 3B).

To complement the results observed in lysosomal size and quantity by flow
cytometry, fibroblasts from all groups were subjected to the same labeling protocol with
CytoPainter LisoDeep Red Indicator, fixed and examined by confocal microscopy. The
corrected integrated density of fluorescence was determined for each group and

compared. The same pattern observed by flow cytometry analysis was observed, but
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probably due to the great variability of individual cells, there was no statistical
difference among groups when lysosomal size and number was analyzed with image J

(Figure 4).

To accurately verify the correction efficiency of the transfected cells, next
generation sequencing was performed on a group of untreated MPS 1 cells, and
transfected cells at 15 and 30 days after treatment. For each of the samples on average
500 reads were obtained in the p.W402X mutation region. The sequencing reads were
first aligned to the human hgl9 reference genome to enable identification of single-
nucleotide variants (SNVs). The germ-line variant p.W402X was readily detectable and
present in 100% of the alleles from the untreated MPS 1 cells, indicating that the
sensitivity of variant detection in the analysis is high. The analysis of transfected
samples revealed a correction (1293 TAG = TGG) of 7% and 4% at 15 and 30 days,
respectively. Importantly, the alleles that showed the correction of this base also showed
the silent mutation inserted at the PAM site (Figure 5). This silent mutation was
included so that the oligonucleotide was not cleaved by Cas9. This confirms the
occurrence of homologous directed recombination in these cells as a correction

mechanism and estimates the frequency of correction.

Discussion

Editing of the human genome to correct disease-causing mutations is a
promising approach for the treatment of genetic disorders. Genome editing with
CRISPR-Cas9 allows in situ correction of a mutant gene, thus restoring normal gene
function under the control of endogenous regulatory elements. It is a further new area
with few published studies on genetic diseases (Wu et al., 2013; Xie et al., 2014), none
in Mucopolysaccharidosis or even in any lysosomal storage disorder. For treating MPS
I, correction of a few cells could lead to the enzyme being secreted into the circulation
and taken up by their neighboring cells, resulting in widespread correction of the
biochemical defects (Carvalho et al., 2015). It has been reported, in fact, that the
presence of less than 1% of normal IDUA activity in patients will moderate the severe
clinical symptoms related to Hurler syndrome (Di Natale et al., 2002). This makes this

disease an ideal candidate to benefit from genome editing technology. In this report we
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demonstrate that it is possible to target a common MPS I mutation, correct IDUA gene
by homology directed repair and partially restore enzyme activity and lysosomal

function using the CRISPR-Cas9 system.

IDUA activity, undetectable in MPS I p.W402X/p.W402X fibroblasts reached
up to 20% of the activity detected in normal cells 48 hours after transfection, and
remained detectable in some transfected wells for up to 30 days after transfection.
However, we observed a great variability among the transfection experiments. It is
important to highlight that the groups analyzed at each time point derive from different
transfection experiments, which may increase variability. However, due to the high
mortality observed after transfection, it was impossible to perform all the experiments
with the same cell pool — as it would be desirable. So, although the same protocols and
parameters were used, a number of sets of experiments could show results better than
others. Some possible causes for this are the stability of the vectors within cells, the
efficiency of cleavage and recombination, or more likely, the transfection efficiency. As
we are correcting a point mutation directly by cleavage and directed recombination, we
have no way of selecting the modified cells, which highlight the importance of a highly

efficient transfection method, so that the greatest number of cells can be modified.

To verify treatment efficiency by indirectly analyzing the lysosomes in the
controls and treated groups, we used CytoPainter LysoDeep Red Indicator. This probes
label acidic spherical granules within cells, so it is useful for labeling lysosomes.
However, the mildly acidic interiors of late endosomes and autophagosomes also allows
the dye to label these organelles to varying degrees. Indeed they have been used to
investigate the degree of autophagy occurring by the measurement of their fluorescence
by microscopy and to a limited extent by flow cytometry (Chikte et al., 2014; Warnes,
2015).

In this work, we first analyzed normal and MPS I fibroblasts by flow cytometry
after incubation with the dye. In fact, we observed a clear difference in lysosomal dye
signal among normal and MPS [ untreated cells. Due to the sequential nature of the
degradative process, cells deficient in lysosomal hydrolytic enzymes accumulate
excessive levels of wundegraded macromolecules and contain numerous
endo/autolysosomes. When high levels of macromolecules accumulate in

endo/autolysosomes, they inhibit catabolic enzymes and permeases that are not
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genetically deficient, which results in secondary substrate accumulation (Platt et al.,
2012). To verify if the correct cells were able to reverse this phenotype, cells from the
three groups were incubated with LysoDeep, submitted to flow cytometry and
compared to untreated MPS I cells. Interestingly, at 48 h, time in which the IDUA
activity was higher, the signal detected was not different from the MPS I untreated cells.
The absolute number was even higher. This is probably due to the short time the cells
had to recover and to the autophagy induced by Lipofectamine (Lonez et al., 2012; Mo
et al., 2012). In the group analyzed seven days after transfection it was possible to detect
a decrease in signal intensity, indicating that the enzyme produced by corrected cells
was being able to restore, at least partially, the lysosomal size and number to normal

values.

The corrected integrated density of fluorescence obtained from confocal
microscopy images after labeling of all treated groups and MPS I control did not show
statistical difference. This is probably because the difference in fluorescence between
groups is not high enough to be compared by this technique. In addition, a great
variability between individual cells was observed and this can be a reason for the
absence of statistical difference. Next generation sequencing demonstrated that even 30
days after transfection, there was still a percentage of corrected cells, showing stable

correction mediated by this system.

Taken together the results from this work show that at 30 days the groups tend to
be more variable and have lower enzyme activity than in the first days after transfection.
Moreover, the cell pool that was sequenced had IDUA activity almost undetectable.
This leads us to infer that in the first days after transfection, the correction efficiency is
probably higher than the 7% or 4% detected at 15 and 30 days, respectively. If the
corrected cells are not keeping their proportion over time, one reason may be caused by
cell death induced by Lipofectamine in the first days after transfection (Fiszer-
Kierzkowska et al., 2011). Another reason may be the occurrence of off target cleavage.
Important genome regions may have been cleaved by Cas9 and contribute to the lack of
maintenance of these cells. Elucidating the frequency and underlying causes of oft-
target nuclease activity induced by CRISPR-Cas9, and applying strategies to reduce

these effects will be of utmost importance for safe genome modification.
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Conclusion

Studies showing that CRISPR-Cas9 can mediate gene correction efficiently
through the introduction of site-specific DSBs, and can induce HDR in cultured cells,
have provided important proof-of-concept results for a future clinical application of
engineered nucleases for genetic diseases. In this work we applied this strategy to
correct a point mutation responsible for a Hurler phenotype in MPS I. We transfected
fibroblasts and found these modified cells to produce IDUA and restore lysosomal
mass. In addition, even at 30 days after transfection, we could still find a percentage of
corrected cells evidenced by next generation sequencing, and that these cells still
presented a phenotype that resembles of a normal fibroblast, with decreased number and
size of lysosomes. Clinical translation of these results will require optimization of
correction efficiency, correction of other cell types and a thorough analysis of off-target

effects in the human genome, an issue that we have begun to monitor.
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Figure legends

Figure 1: Vectors. A) A 20 bp target sequence adjacent to a NGG (PAM sequence,
highlighted) which is distant 16 nucleotides of the mutated base on p.W402X (G2>A,
highlighted). B) Sequencing of a MPS I patient bearing the W402X mutation showing
the target sequence (between red lines) inside the CRISPR-Cas9 vector. C) Sequence of
the 143 bases, homologous to the p.W402X region, oligonucleotide for targeted
recombination. Underlined is the target region, highlighted are first the corrected base
and second the PAM base change.

Figure 2: IDUA activity. A) IDUA activity measured in fibroblasts MPS I
p-W402X/p.W402X. Each dot represents an independent experiment, and results are
expressed as percentage of the activity detected in normal fibroblasts. B) IDUA activity
measured in culture media. *p < 0.01, compared to untreated MPS I mice (Kruskal-
Wallis tes, Dunn as post hoc).

Figure 3: Flow cytometry analysis of lysosomes. After incubation with lysosome dye,
live cells were analyzed for fluorescence intensity levels. Here we show representative
histograms of three independent experiments. A) Comparison among MPS I and normal
fibroblasts. B) The three treated groups were compared to MPS I untreated group.
Figure 4: Confocal microscopy. After incubation with lysosome dye CytoPainter
LysoDeep Red Indicator (red), cells were fixed and mounted with Fluoroshield
mounting medium with DAPI (blue). A) Images were acquired in fluorescence (Ex/Em
=596/619 nm) and transmission channels with a 63x glycerin-immersion objective in a
Leica Microsystems confocal microscope. B) Images were analyzed by ImagelJ software
and the corrected total cell fluorescence (CTCF) was calculated with the formula: CTCF
= Integrated Density — (Area of selected cell X Mean fluorescence of background
readings).

Figure 5: A screenshot of the Integrative Genomics Viewer (IGV) user interface at the
IDUA exon 9 view. Three groups are represented: MPS I untreated, 15 days after
transfection and 30 days after transfection. The highlighted base in the middle of the
figure is the p.W402X mutation. Sixteen bases downstream there is a G=>A in some
reads of the treated groups, indicating the silent mutation added to the oligonucleotide.
The three boxes in the middle of the image shows the number of reads for each sample

and the percentage of the base that was read in that positon.
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Figure 1

A p.W402X PAM

\ g ¥

Target sequence: 5’GCTCTAGGCCGAAGTGTCGCAGG?Y

9'GCGGCTGGGCAACGACCCCACGCGGCGACGGLCCCCcecceceeaseee
CGCAGATGAGGAGCAGCTCTGGGCCGAAGTGTCGCAAGCCGGGACC

GTCCTGGACAGCAACCACACGGTGGGCGTCCTGGCCAGCGCCCAY
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Figure 2
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Figure 5
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4.4. Resultados adicionais: Experimentos em animais

No ultimo ano do doutorado iniciamos uma linha do projeto de edigdao génica via
CRISPR-Cas9 para o tratamento de MPS I que ainda ndo foi concluida, mas possui
resultados parciais. Nesta etapa do trabalho pretendemos utilizar o sistema CRISPR-
Cas9 para modificar células tronco mesenquimais (CTM) extraidas de camundongos
MPS 1 de forma que elas passem a expressar /DUA e sejam entdo utilizadas em
camundongos afetados pela doenga. Neste caso, a abordagem ¢ diferente da utilizada em
fibroblastos de pacientes. Pretendemos inserir uma sequéncia contendo o cDNA da
IDUA completo e mais um gene de resisténcia a antibiotico nas células para que elas

possam ser selecionadas em cultura antes da injecao nos animais.

As CTM possuem diversas propriedades que as tornam ideais ndo so para terapia
celular e medicina regenerativa, mas também como veiculos para a entrega de genes em
uma ampla variedade de situacdes clinicas. Entre estas propriedades estdo a distribuigao
por todo o corpo e a facilidade de isolamento e expansdo em cultura sem perda de
potencial de diferenciacdo; a capacidade de se diferenciar em uma grande variedade de
tipos celulares in vitro e in vivo; os efeitos anti-inflamatérios e imunomoduladores que
exercem; ¢ a capacidade de migragcdo para tecidos danificados, tumores solidos e
metastases apos administragdo in vivo (Wei et al., 2013). Diferente das células tronco
hematopoiéticas, que sdo dificeis de modificar geneticamente preservando seu potencial
in vivo, as CTM podem ser modificadas e produzir eficientemente uma grande
variedade de proteinas citoplasmaticas, ligadas & membrana, ou secretadas (Meirelles et
al., 2009). Juntas estas propriedades tornam as CTM uma das populacdes de células
tronco mais promissoras para uso em estudos de terapia génica e ensaios clinicos. As
técnicas de edigdo génica baseadas em nucleases tém facilitado ainda mais a
manipulagdo do genoma das CTM e permitido assim que elas sejam cada vez mais

consideradas para o tratamento de doengas.

Os materiais ¢ métodos utilizados e os resultados, ainda parciais, obtidos

encontram-se descritos a seguir.
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Modelo animal de MPS 1

Utilizamos como modelo animal camundongos nocaute para o gene da Idua,
gentilmente cedidos pela Professora Elizabeth Neufeld (UCLA, Los Angeles, EUA) e
pela Professora Nance Nardi (ULBRA). Este modelo foi descrito por Ohmi e
colaboradores (2003) e foi criado por meio da interrup¢ao do éxon 6 do gene da Idua.
No meio do éxon foi inserido um gene de resisténcia a neomicina em sentido inverso.
Como resultado foram produzidos camundongos com uma doenca que mimetiza a
Sindrome de Hurler, fendtipo mais grave da MPS I, com aumento do nivel de GAGs na

urina e em diversos tecidos e atividade indetectavel de Idua.

Todos os procedimentos com animais estdo sendo realizados na Unidade de
Experimentacdo Animal do Centro de Pesquisa Experimental do Hospital de Clinicas de
Porto Alegre, e seguem as normas de adequacdo as diretrizes vigentes preditas na Lei
11.794/08 e nas resolugdes normativas numeros 12 (Utilizagdo de Animais para fins
Cientificos e Didaticos) e 13 (Diretrizes da Pratica de Eutanasia do CONCEA). Os
animais sdo mantidos em ambiente controlado (temperatura 20-24 °C, umidade relativa
do ar 40-60%, sistemas de exaustdo de ar) com ciclos de 12 horas de luz e 12 horas de
escuro e alimentacdo comercial padrao para a espécie e agua ad libitum. Todos os
animais utilizados foram genotipados por identificagdo molecular do transgene, através
da amplificagdo da regido inserida utilizando os primers 5'-GAG ACT TGG AAT GAA
CCA GAC-3" e 5'-ATA GGG GTA TCC TTG AAC TC-3" (Baldo et al., 2012b).

Extracdao de CTM

Para obtencdo das CTM, camundongos MPS I foram mortos por sobredose
anestésica, as patas traseiras foram retiradas e as tibias e fémures foram separados e
tiveram suas epifises cortadas, para que a medula Ossea total fosse recuperada. As
células foram entdo plaqueadas e as CTM foram obtidas apds selegdao por aderéncia em
cultura (Meirelles et al., 2009). As células foram mantidas em cultura em meio DMEM
com 20% de soro fetal bovino e 1% de penicilina/estreptomicina sob condi¢des padrao,

a 37 °C com atmosfera de 5% de COx.
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Vetores

O sistema PrecisionXTM CRISPR/Cas9 SmartNuclease (System Biology) foi
utilizado para os experimentos de edicdo genomica. Neste sistema, a nuclease Cas9 e o
RNA guia formado por um transcrito crRNA-tracrRNA estdo presentes em um tnico
vetor. Uma sequéncia alvo, 5’ggattctcccaggeccaggg 3°, para clivagem pela Cas9 foi
selecionada no locus ROSA26 do genoma de camundongos e foi inserida no vetor. O
vetor completo foi inserido por transformacdo por choque térmico em bactérias
competentes, cujas colonias foram entdo expandidas e submetidas a extracdo de
plasmideo com o kit Maxiprep (Life Technologies, EUA). O DNA plasmideal extraido

foi entdo sequenciado para verificagdo da correta orientagcdo do inserto.

Para a recombinagdo direcionada foi utilizado um vetor contendo o cDNA de
Idua que foi customizado pela empresa System Biology. O construto contém a
sequéncia de cDNA da /dua regulada por um promotor e duas regides homologas (de
aproximadamente 1 kb cada uma) ao locus ROSA26 de camundongos, na regido que a
Cas9 reconhece e cliva. Além disso, o vetor contém um gene de resisténcia a
higromicina que ¢ usado para selecionar as células em que a recombinacdo homologa

ocorreu (Figura 1).

ARM EF | IDUA bGH P Hygr [ SV40 ARM

Figura 1: Desenho esquematico do vetor doador utilizado para recombinagdo
homodloga. ARM 1 e ARM 2: Regides de 1 kb homdlogas ao ROSA26. EF1 e P:
Promotores. bGH e SV40: caudas poli A.

Transfecgao das CTM

CTM em passagens 2-3 foram plaqueadas (1x10° células em cada pogo de uma
placa de 6 pocos) e cultivadas por 24 horas. As células foram transfectadas com os dois
vetores, CRISPR-Cas9 e vetor doador, por meio de lipofeccdo, com o protocolo

padronizado no primeiro artigo experimental desta tese.
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Confirmagdo da edi¢do génica das CTM

Para verificar se a Idua estava sendo corretamente produzida nas CTM editadas,
foi realizado ensaio de atividade de Idua por método fluorimétrico utilizando o substrato
artificial 4-metil-umbeliferil-alfa-L-iduronideo (Wang et al., 2009). Os resultados foram

corrigidos por quantidade de proteina, quantificadas pelo método de Lowry.

As primeiras células transfectadas apresentaram atividade de Idua
aproximadamente 8 vezes maior que as células ndo transfectadas (Figura 2). Estas
células nao foram selecionadas e foram injetadas em dois camundongos neonatos.

Foram injetadas 1x10° células em 100 uL de PBS pela veia temporal superficial.

104

nmol/h/pg proteina

CT™M iVIPS | CTM transfectadas

Figura 2: Atividade de Idua em um pool de CTM transfectadas e cé¢lulas MPS I ndo

transfectadas.

Estes camundongos foram mantidos vivos por 6 meses. Ao final do primeiro
més, o nivel sérico de Idua foi avaliado, e em um dos animais chegou a 1% da atividade
detectada em soro de animais normais. Apds eutanasia dos animais tratados, a atividade
enzimatica em amostras de figado, baco e coracdo também foi quantificada, e um dos
animais, em amostras de baco e figado, apresentou resultados que parecem ser
superiores aos animais nao tratados (Tabela 1). Por se tratarem de dados preliminares,

ndo foi realizada analise estatistica.
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Tabela 1: Atividade de Idua em camundongos de 6 meses.

Animais ndo tratados | Animal tratado 1 Animal tratado 2 Animal Normal
Baco 0,06 +0,03 0,12 0,07 9,91 + 1,31
Figado 0,07 +0,01 0,13 0,1 11,14 £ 1,19
Coracéo 0,07 £ 0,02 0,06 0,04 7,76 £ 0,65

Como a atividade de Idua nas células injetadas foi muito baixa, no experimento
de transfeccdo seguinte as células foram selecionadas com higromicina (80 pg/mL). As
CTM selecionadas foram entdo expandidas em cultura, e o pool de células foi
submetido a avaliacdo da atividade enzimatica, assim como o meio de cultura em que
elas estavam sendo cultivadas. A atividade enzimatica nestas células chegou proximo a

150 nmol/h/pg proteina, e foi detectavel inclusive no meio de cultura (Figura 3).

Atividade de IDUA em meio de cultura Atividade de IDUA em CTM
0.6+ 150-
©
k=
o
< 0.44 "é'100-
= S
o o
c =
0.24 § 50
o
£
c
0.0 T 0 T
CTM MPS | CTM transfectadas CTM MPS | CTM transfectadas

Figura 3: Atividade de Idua em meio de cultura e em CTM transfectadas e

selecionadas.

Para confirmagdo da inser¢do do cDNA da /dua no 16cus ROSA26 do genoma
das CTM, foi desenvolvido uma PCR com primers que amplificam uma regido de 1117
bases. O primer forward se anela a uma sequéncia do ROSA26 anterior ao braco
homologo presente no vetor doador, e o reverse a uma sequéncia do interior do vetor,
que ndo estd naturalmente presente no genoma do camundongo. A PCR e
sequenciamento encontram-se em processo de padronizagdo e serdo fundamentais para

comprovar o gendtipo das células injetadas nos proximos camundongos.
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5. DISCUSSAO

O conhecimento das bases genéticas das doencas hereditarias conduziu ao
conceito inicial de terapia génica, em que um DNA exdgeno “correto” pode ser usado
para substituir o DNA com defeito naqueles que sofrem doengas genéticas. Entretanto,
varios anos de pesquisa tém mostrado que esta proposta de terapia gé€nica ¢ muito mais
desafiadora e tecnicamente complexa do que parecia inicialmente. Um dos principais
problemas enfrentados ¢ a limitagdo na capacidade de controlar com precisdo o material
genético introduzido nas células. No entanto, as tecnologias de terapia génica fizeram
progressos notaveis durante esse tempo e mostram, cada vez mais, resultados clinicos
promissores (Ginn et al., 2013; Naldini, 2015). Um marco importante deste progresso se
deu com o surgimento das técnicas de edicdo génica, que permitem realizar alteragdes
precisas em sequéncias de DNA de forma mais segura e eficaz do que as técnicas até
entdo utilizadas. O sistema CRISPR-Cas9, derivado de bactérias e que utiliza
mecanismos de reparo naturais das células (Sander and Joung, 2014b), comecgou a ser
usado em engenharia genética em 2013 (Cong et al., 2013; Mali et al., 2013), ¢ uma das
ferramentas de edicdo génica com maior destaque nesses ultimos 3 anos, € ¢ o sistema
alvo deste trabalho. Nosso objetivo geral foi utilizar o sistema CRISPR-Cas9 para a

corre¢do génica em um modelo de doenga genética monogénica, a MPS 1.

Apesar da promessa de corregao génica de maneira simples, precisa, segura e
eficaz que vem acompanhada dos sistemas para edi¢do génica, sabemos que na pratica
os problemas surgem e se tornam limitagdes importantes para que os bons resultados
aparecam. Um destes problemas ¢ a entrega intracelular dos vetores. Existem diversas
técnicas de transfeccao celular, todas elas com limitagdes importantes, seja devido a
baixa eficiéncia de transfeccdo, a citotoxicidade induzida ou a seguranga do método
(Cotrim and Baum, 2008; Fiszer-Kierzkowska et al., 2011). A que parece ser a mais
segura ¢ com maior eficiéncia, depende de um equipamento de alto custo e de Kkits
especificos para cada tipo celular que ainda ndo estdo disponiveis para grande parte dos
laboratérios de pesquisa do mundo (Zeitelhofer et al., 2007). Portanto, o primeiro artigo
experimental desta tese teve como objetivo padronizar um protocolo para transfecgao de

CTM utilizando Lipofectamina, um lipideo cationico amplamente utilizado em
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transfecgdes celulares. O tipo celular foi escolhido devido a sua facilidade de obtencao e

ampla utilizacdo em tratamentos de doencas genéticas.

No primeiro trabalho experimental da tese conseguimos estabelecer um método
de transfecgdo simples e seguro utilizando Lipofectamina 3000® (Life Technologies) e
com eficiéncia de até 26% de células transfectadas expressando a proteina GFP presente
no vetor utilizado 48 horas apds a transfec¢ao. Estabelecemos uma relacado DNA/lipideo
ideal, e ressaltamos a importancia de a concentragdo celular inicial ser baixa,
provavelmente porque a lipofeccao depende de divisdo celular. Em células em divisdo,
o DNA exo6geno pode chegar ao nticleo ao ser retido na membrana nuclear durante seu
reestabelecimento apds a mitose (Gresch et al., 2004). A utilizacdo de células com
poucas passagens também mostrou ser um fator importante. Sabemos que para cada tipo
celular as condi¢des de transfec¢do 6timas serdo diferentes, e por isso € tdo importante a
padronizag@o para cada uma delas. As CTM sao células de dificil transfec¢ao, portanto
o protocolo padronizado mostrou resultados satisfatorios para o tipo celular e o0 método

utilizado.

Uma vez que a linha de pesquisa principal do nosso grupo € a investigacao de
fisiopatologia e de alternativas para o tratamento de MPS I, idealizamos o segundo
trabalho experimental desta tese. Ele teve como objetivo corrigir uma mutacdo de ponto
causadora de um fendtipo grave em fibroblastos de um paciente com MPS 1. Para isso o
sistema CRISPR-Cas9 de edicao génica foi utilizado. Ainda existem poucos trabalhos
publicados utilizando ferramentas de edicdo génica para o tratamento de doengas
lisossdmicas, nenhum para correcdo de MPS 1. Nosso trabalho ¢ uma prova de conceito
de que a técnica funciona para esta doenca e que pode no futuro ser utilizada para
corrigir mutagdes de ponto, que sdo a maioria das mutagdes causadoras da doenca

(http://www. hgmd.org).

Entretanto, entre outros fatores, devido a técnica utilizada ser uma arca de
trabalho nova nao s6 no nosso grupo de pesquisa, mas também no mundo, enfrentamos
diversos problemas de padronizacdo, incluindo a elaborag¢ao dos vetores. Além disso, a
importacdo do vetor levou mais tempo do que o estimado inicialmente e nem todas as
etapas previstas para a realiza¢ao desse trabalho puderam ser cumpridas. Portanto, ainda
existem muitas etapas a serem realizadas nesta area para que os resultados se

aproximem mais de uma aplicagdo clinica. Nesta primeira etapa, utilizamos células de
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um paciente homozigoto para a mutagdo p.W402X devido a esta ser uma mutagdo de
alta incidéncia mundial, inclusive na populacdo brasileira, e ser causadora de um
fenotipo grave, em que a atividade de IDUA ¢ indetectavel (At¢cEken et al., 2016). Isso
facilita a visualizagdo de resultados, ja que qualquer alteragao na atividade enzimatica ¢
facilmente detectada. Pretendemos realizar os mesmos experimentos em células de
outros pacientes com esta e outras mutagdes. Ja o fizemos em células de outro paciente
com a mesma mutagdo (p.W402X/p.W402X) e quantificamos a atividade de IDUA nos
fibroblastos em 48 horas. Os resultados foram bastante semelhantes aos descritos no
artigo, com pogos de células transfectadas chegando perto de 20% da atividade normal e

outros com atividade quase inalterada (Figura 1).
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Figura 6: Atividade de IDUA. Células MPS I p.W402X/p.W402X nao tratadas e

em 48 horas ap0s transfecgao.

A grande variabilidade nos experimentos de transfeccdo € um fator que deve ser
investigado, especialmente em casos como o nosso de correcao de alteragcdes pequenas,
j& que ndo hd como selecionar apenas as células modificadas. Provavelmente uma
técnica com maior eficiéncia de transfec¢do diminua estas diferengas. Além disso, a
eficiéncia de corre¢do por recombinagdo direcionada pode ser influenciada por diversos
fatores. Em primeiro lugar, a natureza da modificagdo do genoma pode influenciar as
taxas de edi¢do. Grandes inser¢des mediadas por HDR ocorrem menos que HDR para
pequenas alteragdes (Byrne et al., 2014). Em segundo lugar, as alteragdes feitas em
sequéncias que ndo modificam suficientemente o local de reconhecimento e clivagem

da Cas9 pode resultar em mutagénese adicional por NHEJ na mesma regido, reduzindo
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potencialmente as taxas terapéuticas da edicdo. O tamanho da regido homoéloga também
pode ter influéncia, e quanto maior for esta regido, maiores as chances de ocorréncia de
recombinacdo. Ainda, vetores doadores com fita simples também parecem ter mais
sucesso de recombinacdo do que vetores com fita dupla de DNA (Cox et al., 2015).
Além disso, suprimir vias de reparo celular por NHEJ também pode aumentar as taxas
de corre¢do por HDR, embora a seguranca desta estratégia ndo seja conhecida e deve
ser cuidadosamente avaliada antes da aplicacdo num contexto terapéutico (Byrne et al.,

2014).

Em nossos experimentos, especialmente aos 30 dias apds a transfeccdo, a
variabilidade parece ser maior. E possivel que esteja havendo uma diferenca na
eficiéncia da divisao de células que tiveram a mutagdo corrigida em relagdo as demais.
Ha relatos de células modificadas que tém uma vantagem seletiva, o que reduz o
numero de células modificadas inicialmente necessarias para reverter os sintomas da
doenca. Isso acontece na imunodeficiéncia severa combinada (SCID-X1) causada por
mutacoes no gene da IL2RG, a funcdo do qual ¢ necessaria para o desenvolvimento
adequado de células da linhagem linfocitica. Células com IL2RG ativo tém maior
capacidade de expansdo relativa as células mutadas e sdo capazes de causar um aumento
progressivo do efeito terapéutico (Cox et al., 2015). Apesar de vantagens seletivas em
células corrigidas ja terem sido relatadas para MPS I em estudos de terapia génica (Di

Natale et al., 2002), nossos achados apontam em dire¢ao contraria.

Um fator importante a ser analisado e que pode estar relacionado a um possivel
prejuizo na capacidade de divisdo celular ¢ a ocorréncia de clivagens fora do local de
interesse (off-target). Principalmente em estudos de edicdo génica que chegam a uma
aplicacdo clinica, ¢ importante que se faca uma andlise dos possiveis locais onde
possam ocorrer clivagens off-target, para que nao sejam modificadas indiretamente
outras regides importantes dentro do genoma (Fine et al., 2014). Nao ha ainda um
consenso sobre a frequéncia de off-targets via CRISPR-Cas9 ser alta ou ndo. O que se
sabe ¢ que para que a nuclease consiga clivar a dupla fita de DNA, os 13 nucleotideos
mais proximos ao PAM (sequéncia core) ndo devem ter mais de dois mismatches, e na
sequéncia inteira de 20 bases ndo devem existir mais de quatro. Existem ferramentas
computacionais que fazem predi¢cdo de possiveis sitios de clivagem off-target por meio
do nimero e localizacdo de mismatches entre a sequéncia do RNA guia e o genoma de

referéncia. Analisamos a sequéncia que escolhemos para reconhecimento e clivagem
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pela Cas9 quanto ao niumero de eventos off-target por meio de uma destas ferramentas
online: http://crispr.cos.uni-heidelberg.de. Cada software tem seus métodos de pesquisa
e os resultados podem apresentar pequenas diferencas. O software escolhido seleciona
apenas regides com homologia e que estdo adjacentes a uma sequéncia PAM. Na tabela,
o primeiro resultado ¢ a nossa sequéncia alvo (Tabela 1). Ela apresenta um mismatch,

que € a sequéncia mutada que queremos corrigir.

Tabela 2 Possiveis eventos off-target preditos pelo site http://crispr.cos.uni-

heidelberg.de/

Coordenadas Fita | MM | Sequéncia alvo PAM | Local | Gene
chr4:996530- + 1 | GCTCTGGG[CCGAAGTGTCGC] | AGG | E IDUA
996552

chr10:46168004- | - 4 | GCGCAAGG[CCGGAGTGGCGC] | GGG | E ZFAND4
46168026

chr19:8456438- - 4 | CCACTAGG[CCAAAGTGTAGC] | TGG |1 RABI1B-
8456460 AS1

MM: Numero de mismatches. E: éxon. I: intron.

Na sequéncia utilizada em nossos experimentos, o numero minimo de
mismatches que aparece em sequéncias com regides homologas ¢ 4, com duas delas
acontecendo na regido que compreende os 13 nucleotideos mais proximos da sequéncia
PAM e as outras duas fora. Isso torna pouco provavel que esteja acontecendo clivagem
inespecifica em grandes frequéncias, ja que o reconhecimento dessas sequéncias deve
ser fraco. O préximo passo da andlise deve ser selecionar as sequéncias com maior
probabilidade de off-target e sequencia-las para verificar a frequéncia de ocorréncia de
clivagens. Caso recombinagdes off-target estejam ocorrendo em locais importantes do
genoma, algumas possiveis solu¢des sdo a diminui¢ao da quantidade de vetor CRISPR-
Cas9 utilizado na transfeccao, a expressdo da Cas9 sob um promotor mais fraco (o que
provavelmente diminuiria também a atividade da nuclease na sequéncia alvo), ou o uso

de nickases (Ran et al., 2013).

Em casos em que a especificidade ¢ muito necessaria, duas nickases Cas9 podem

ser utilizadas para gerar a quebra da dupla fita em vez de uma unica nuclease Cas9. Na
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versdo nickase da Cas9 o dominio de endonuclease foi mutado, de modo que apenas
uma ruptura de DNA de fita simples ¢ feita. Duas sequéncias alvos sdo selecionadas nas
cadeias opostas no mesmo ldcus e sdo entdo combinadas para gerar uma quebra da fita
dupla de DNA. Clivagens off-target da cadeia simples de DNA provavelmente nao
serdao reparadas por NHEJ, ja que a outra fita estard intacta e podera servir como molde
para o reparo. Como consequéncia, as taxas de insercdes e dele¢des em locais
inespecificos sdo muito baixas (Byrne et al., 2014). Ran e colaboradores (2013)
demonstraram que utilizar pares de nickases em vez da Cas9 comumente utilizada
reduzia a frequéncia de off-targets em 50 — 1000 vezes em linhagens celulares,
facilitando o nocaute de genes em zigotos de camundongos sem diminuir a eficiéncia de

clivagem.

Outra andlise importante que ainda deve ser feita para complementar os dados
apresentados ¢ o sequenciamento de nova geragdo em outros tempos de tratamento. Aos
15 e 30 dias apds a transfeccdo, obtivemos uma quantidade de células corrigidas de
menos de 10%. Esse niimero de células, apesar de parecer baixo, parece ser suficiente
para corrigir defeitos celulares causados pela doenga. Conforme j& mencionado, existem
relatos de que uma atividade de IDUA de 10% da detectada em pessoas normais ¢
suficiente para produzir enzima para corrigir, em diferentes niveis, os defeitos nas
células de um paciente MSP I (Baldo et al., 2014). Entretanto, o sequenciamento de
outros tempos de tratamento nos dard respostas quanto a estabilidade das células
corrigidas. Saber se em 48 horas o nimero de células corrigidas ¢ maior, assim como a
atividade enzimatica, e se apos os 30 dias elas permanecem vidveis ¢ extremamente

importante para o aperfeicoamento e futura aplicacao clinica da técnica.

Para termos uma ideia do efeito da correcdo obtida sobre o fenotipo das células,
avaliamos, além da atividade enzimatica, o nimero e tamanho dos lisossomos.
Utilizamos este pardmetro por ter se mostrado confiavel para diferenciar células MPS 1
de células normais. Devido a natureza sequencial do processo de degradacao, as células
deficientes em enzimas lisossOmicas acumulam macromoléculas ndo degradadas e
contém numerosos autolisossomos, que acabam inibindo a atividade de outras enzimas
catabolicas envolvidas em rotas bioquimicas relacionadas. Isso acaba causando
acimulos secundarios e ainda mais danos aos lisossomos (Platt et al., 2012). A

citometria de fluxo apds marcagdo com o reagente CytoPainter LysoDeep Red Indicator
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(Abcam, EUA) ou outros fluor6éforos com acdo semelhante ¢ utilizada em alguns
estudos para avaliar autofagia (Chikte et al., 2014; Settembre et al., 2008; Warnes,
2015) e mostrou ser Util em nossa avaliacdo. As células corrigidas, ao se recuperarem do
stress causado pelo protocolo de transfeccdo passaram a exibir resultados mais

parecidos com as células normais.

Juntos os resultados deste trabalho sdo promissores quanto a utilizagdo deste
sistema para o tratamento da MPS 1. Entretanto, utilizar fibroblastos para o tratamento
de pacientes certamente ndo seria adequado. A dificuldade de obtencdo de células
tronco de pacientes faz com que ainda seja dificil testarmos a estratégia em células que
possam ser utilizadas para tratamento. Portanto, ainda hd um longo caminho de
pesquisas a ser percorrido para que esta estratégia possa ser testada em células tronco de
pacientes que sejam entdo corrigidas de forma precisa e segura e reimplantadas para

obtencao de beneficios clinicos.

Um passo importante da pesquisa com edigdo génica via CRISPR-Cas9 passa
por experimentos em animais. Nosso grupo de pesquisa desenvolve héa anos trabalhos
com um modelo animal de MPS I nocaute para o gene da Idua, tanto em estudos de
fisiopatologia da doenca quanto em tratamentos experimentais. A abordagem utilizada
para o tratamento destes camundongos com CRISPR-Cas9 ¢ diferente da utilizada em
células de pacientes. Os camundongos tém o gene da Idua interrompido por outro gene,
portanto nao podemos corrigi-lo da mesma forma que uma mutagdo de ponto. Em vez
disso, optamos por inserir o cDNA da Idua inteiro e sob controle de um promotor
inserido no mesmo vetor para que ele possa ser expresso. O vetor que deve ser inserido
no genoma por recombinagdo neste caso ¢ muito maior que o oligonucleotideo utilizado
nas células humanas, e consequentemente, a eficiéncia de transfeccdo tende a diminuir.
Isso ressalta a importancia de métodos de transfeccdo adequados. A vantagem neste
caso ¢ que um gene de resisténcia a um antibidtico pode ser acrescentado ao vetor para

que possa ser feita selecdo apenas das células modificadas.

Num primeiro experimento, injetamos células transfectadas, porém sem selecio
em dois animais, que foram mantidos por seis meses. A atividade enzimatica em
amostras de dois dos 6rgdos analisados desses camundongos se mostrou um pouco mais
alta que a detectada em camundongos MPS I, mas ainda muito baixa, conforme

esperado. Os proximos experimentos sao promissores, ja que conseguimos selecionar
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células expressando IDUA em niveis altos e estamos em fase de comprovar por
sequenciamento a modificacdo destas células e injeta-las nos animais. Caso funcione,
esta se torna uma alternativa com grandes chances de futuras aplicagdes clinicas, ja que
as CTM sao de facil obtengdo, expansao e cultivo, € o0 método de transplante dessas

c¢lulas em humanos ja estd bem estabelecido.

Alguns estudos com edigdo génica em animais modelos de doengas genéticas ja
foram publicados e mostraram bons resultados. Li e colaboradores (2011) injetaram
ZFN e um vetor doador diretamente no figado de animais modelo de Hemofilia B,
deficientes em fator IX de coagulagdo, utilizando vetores virais. Eles relataram que o
nivel de corre¢do foi de 2 a 3% do normal, o suficiente para corrigir os problemas de
coagulacdo observados nesses animais. Wu e colaboradores (2013), no primeiro
trabalho que utilizou CRISPR-Cas9 em doenca genética in vivo, corrigiram zigotos de
uma linhagem de camundongos com uma mutagdo do gene Crygc que causa catarata, e
obtiveram camundongos sem a doenga e capazes de transmitir o gene corrigido para as
proximas geragoes. Ao analisarem a frequéncia de mutagdes off-target, eles verificaram
que os eventos foram raros. Yin e colaboradores (2014) utilizaram CRISPR-Cas9 para
corrigir uma mutacdo de ponto que altera um sitio de splice e causa danos em
hepatocitos de camundongos com tirosinemia. Apds injecdo hidrodindmica, eles
obtiveram corre¢ao em aproximadamente 1/250 células hepaticas, quantidade suficiente
para corrigir alguns aspectos da doenca. Ainda, eles relataram que as células corrigidas

possuem vantagem seletiva em relacdo as outras.

Mais recentemente, Sharma e colaboradores (2015) publicaram um trabalho em
que injetam ZFN e um vetor para recombinagdo diretamente no figado de camundongos
com hemofilia A e B com o auxilio de vetores adenovirais-associados. O sistema
utilizado foi desenvolvido de modo que o gene seja inserido para ficar sob regulagdo do
promotor da albumina, estratégia que permitiu a detec¢do da expressdo prolongada e
estavel dos fatores de coagulacdo deficientes. Ao utilizar o mesmo sistema em
camundongos normais, eles conseguiram fazer com que enzimas lisossomicas também

fossem produzidas.

Ainda s3o poucos os estudos in vivo e ha ainda muito a ser aperfeigoado para
que a edi¢do génica possa ser utilizada com seguranca e eficacia para tratamento de

doengas genéticas em humanos. Apesar de estar apenas no inicio, a tecnologia apresenta
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oportunidades promissoras para combater uma série de doencas que estdo além do
alcance das terapias anteriores. As diversas possibilidade apresentadas tém de ser
associadas sempre a um planejamento rigoroso. Entretanto, dado o ritmo acelerado dos
avangos tecnoldgicos e a ampla gama de suas aplicagdes em ciéncias basicas e clinicas,

o caminho a frente serd sem duvida cheio de sucessos.
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6. CONCLUSOES

A conclusdao geral deste trabalho ¢ que ¢ possivel utilizar edi¢do génica via
CRISPR-Cas9 para corre¢dao génica em um modelo de doenga genética monogénica, a

MPS L.

- Publicamos um artigo de revisdo bibliografica em que discutimos como a
edicdo génica pode ser combinada ao transplante de células tronco hematopoiéticas,
entre outras alternativas, para ser utilizada como um tratamento para as DLD.
Comentamos quais as doengas dentro deste grupo se beneficiariam mais e quais sdo os
principais problemas a serem enfrentados para que essa abordagem possa ser finalmente

utilizada.

- Um protocolo simples e eficiente para transfeccdo de células tronco
mesenquimais humanas foi estabelecido, a com ele conseguimos atingir até¢ 26% de

células transfectadas.

- Fibroblastos de um paciente MPS homozigoto para p.W402X foi transfectado

utilizando o sistema CRISPR-Cas9 e um vetor doador com a sequéncia correta.

- As células transfectadas foram avaliadas e foi detectada diferenca entre a
atividade de IDUA de células MPS I ndo tratadas e células transfectadas, estas chegando
a até 20% do valor normal. O niimero e tamanho dos lisossomos diminuiu em relagao as
células MPS I ndo tratadas no grupo analisado 7 dias apds a transfec¢do. O
sequenciamento de nova geracdo comprovou que um percentual das células foi

corretamente modificado.
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