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Resumo

NONATO, Nyelson da Silva. miRNAs: Expressao heteréloga e sua aplicagao
como componente de novas tecnologias na aquicultura. 2025. XXf. Tese
(Doutorado) - Programa de Pds-Graduagcédo em Biotecnologia. Universidade Federal
de Pelotas, Pelotas.

A aquicultura enfrenta desafios criticos, como estresses ambientais e doencgas, que
impactam a produtividade. Esta tese propdée uma solugcido inovadora baseada na
producao heterdloga de microRNAs (miRNAs) em bactérias e seu uso como
suplemento alimentar para teledsteos, combinando uma revisdo sistematica do
estado da arte com o desenvolvimento de uma patente. Inicialmente, conduziu-se
uma analise abrangente de plataformas bacterianas para expressdo de miRNAs,
identificando 832 estudos em trés bases de dados, dos quais 15 foram selecionados.
Os resultados demonstraram que Escherichia coli, Salmonella typhimurium e
Rhodovulum sulfidophilum sao as principais espécies utilizadas, com 78 miRNAs
produzidos heterologamente — 75 em E. coli (como miR-21 e miR-155), 1 em R.
sulfidophilum (miR-29b) e 2 em S. typhimurium (mi-INHA e miRNA CCL22). R.
sulfidophilum destacou-se por sua capacidade de secretar acidos nucleicos,
auséncia de RNases e cultivo em agua salgada, enquanto E. coli manteve-se como
modelo preferencial para produgdo em larga escala. Plasmideos com promotor Ipp e
sitios de clonagem multipla mostraram-se os mais eficientes para expressdo de
miRNAs, apontando para a importancia do design de vetores na otimizagdo da
producao. Com base nesses achados, desenvolveu-se uma patente de suplemento
alimentar contendo miRNAs e antagomiRs sintéticos, destinado a aumentar a
tolerancia de peixes a baixas temperaturas. O método envolve: (1) design de
construgcbes de DNA recombinante com sequéncias especificas de miRNAs, (2)
transformacdao em E. coli para produgao em biorreatores, (3) inativagao térmica da
biomassa bacteriana e (4) encapsulagdo em ragdo com adesivo graxo, garantindo
estabilidade e absorcao intestinal. A formulagao atua modulando vias antioxidantes e
metabdlicas (como a via da glicose), reduzindo os efeitos do estresse térmico.
Diferencia-se de abordagens convencionais por ser nao transgénica, de
administracao oral e sazonal, o que facilita sua adogcdo comercial. Os resultados
indicam que a combinacdo de produgao bacteriana e aplicacdo nutracéutica de
mMiRNAs oferece uma solugao viavel para desafios da aquicultura. Conclui-se que a
plataforma desenvolvida ndo apenas avanga o conhecimento sobre expressao
heteréloga de miRNAs em procariotos, mas também estabelece um novo paradigma
para intervengdes baseadas em RNA na produg¢ao animal, com potencial adaptacao
a outros estresses ambientais ou espécies de interesse econdmico.

Palavras-chave: RNAs ndo codificantes; RNA bioengenheirado; Sistemas de
expressao de miRNA; Aquicultura; Nutrigendmica.



ABSTRACT

NONATO, Nyelson da Silva. miRNAs: Heterologous expression and its
application as a component of new technologies in aquaculture. 2025. XXf.
Thesis (Doctorate) — Graduate Program in Biotechnology, Federal University of
Pelotas, Pelotas.

Aquaculture faces critical challenges, such as environmental stressors and diseases,
which impact productivity. This thesis proposes an innovative solution based on the
heterologous production of microRNAs (miRNAs) in bacteria and their use as a
dietary supplement for teleosts, combining a systematic review of the state of the art
with the development of a patent. Initially, a comprehensive analysis of bacterial
platforms for miRNA expression was conducted, identifying 832 studies across three
databases, of which 15 were selected. The results demonstrated that Escherichia
coli, Salmonella typhimurium, and Rhodovulum sulfidophilum are the main species
used, with 78 miRNAs produced heterologously—75 in E. coli (e.g., miR-21 and
miR-155), 1 in R. sulfidophilum (miR-29b), and 2 in S. typhimurium (mi-INHA and
miRNA CCL22). R. sulfidophilum stood out for its ability to secrete nucleic acids,
absence of RNases, and cultivation in saltwater, while E. coli remained the preferred
model for large-scale production. Plasmids with the Ipp promoter and multiple cloning
sites proved to be the most efficient for miRNA expression, highlighting the
importance of vector design in production optimization. Based on these findings, a
patent was developed for a dietary supplement containing synthetic miRNAs and
antagomiRs, aimed at enhancing fish tolerance to low temperatures. The method
involves: 1) Designing recombinant DNA constructs with specific miRNA sequences;
2) Transformation into E. coli for production in bioreactors; 3) Thermal inactivation of
bacterial biomass; 4) Encapsulation in feed with a fatty adhesive, ensuring stability
and intestinal absorption. The formulation works by modulating antioxidant and
metabolic pathways (e.g., the glucose pathway), reducing the effects of thermal
stress. It differs from conventional approaches by being non-transgenic, orally
administered, and seasonal, facilitating commercial adoption. The results indicate
that combining bacterial production and nutraceutical application of miRNAs offers a
viable solution to aquaculture challenges. In conclusion, the developed platform not
only advances knowledge about heterologous miRNA expression in prokaryotes but
also establishes a new paradigm for RNA-based interventions in animal production,
with potential adaptation to other environmental stressors or economically relevant
species.

Keywords: Non-coding RNAs; Bioengineered RNA; miRNA expression systems;
Aquaculture; Nutrigenomics.
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Lista de Abreviaturas

miRNA — MicroRNA (pequeno RNA néo codificante regulatério)

RNases — Ribonucleases (enzimas que degradam RNA)

AntagomiRs — Antagomirs (oligonucleotideos sintéticos que inibem miRNAs

especificos)

DNA — Acido desoxirribonucleico

RNA — Acido ribonucleico

exog-miRNAs — MicroRNAs exdgenos (introduzidos artificialmente no organismo)

RT-gPCR — Quantitative Reverse Transcription Polymerase Chain Reaction (PCR

quantitativo com transcrigao reversa)

dsRNA — Double-stranded RNA (RNA de fita dupla)

RNAIi — RNA interference (interferéncia por RNA)

pré-miRNAs — precursores de miRNAs (transcritos intermediarios na biogénese de
miRNAs)

pH — Potencial Hidrogeniénico (medida de acidez/alcalinidade)
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1 INTRODUGAO GERAL

Desde os tempos da antiga China, a produgdo de organismos aquaticos &
documentada, sendo os primeiros relatos de cultivos rudimentares de macroalgas.
Nao demorou muito para a proteina animal aquatica ser domesticada, e os peixes
VALENTI, W. C. et al., 2021). De acordo com o relatério mais recente da FAO, The
State of World Fisheries and Aquaculture 2024, a aquicultura foi responsavel por
51% da producao global de animais aquaticos em 2022, superando pela primeira
vez a pesca extrativa (FAO 2024)., demonstrando assim a importéncia deste
segmento na alimentagdo do Homo sapiens sapiens do antropoceno (VALENTI, W.
C. et al.,, 2021). Na piscicultura brasileira percebe-se o desenvolvimento exponencial
com crescimento de 4,9 % em 2019, em um total de 799.560 toneladas de peixe no
ano (CYRINO, J. E. P. et al., 2019).

Dentre as espécies de peixes produzidas, podemos destacar as de agua
doce: a tilapia (Oreochromis niloticus); o tambaqui (Colossoma macropomum), e
seus hibridos como o hibrido de tambacu (Piaractus mesopotamicus x C.
macropomum) e o hibrido de tambatinga (C. macropomum x P. brachypomus); pacu
(Piaractus mesopotamicus); a carpa (Cyprinus carpio); o pirarucu (Arapaima gigas) e
o bagre (Ictalurus punctatus). Na cultura dos peixes marinhos podemos destacar a
tainha (Mugil liza); o linguado (Paralichthys orbignyanus); o robalo (Centropomus
parallelus a C. undecimalis); o bijupiras (Rachycentron canadum); o peixe vermelho
(Lutjanus spp.); a garoupa (Epinephelus marginatus) e a sardinha (Sardinella
brasiliensis), correspondendo a 7,3 milhdes toneladas, cerca de 23% do que foi
produzido pela maricultura mundial em 2018 (LISBOA, V. et al., 2020).

A tilapia (O. niloticus) representa cerca de 60,6% da producdo de peixes
produzidos no Brasil, cerca de 486.155 toneladas no ano de 2020, segundo dados
do “Anuario Peixe BR da Piscicultura”. Este é um peixe de rapida taxa de
crescimento e engorda, altos niveis de fecundidade e adaptacao, apresentando uma
carne branca, com baixos teores de gordura e um alto valor nutricional agregado
(BHUJEL, R. C., 2000; BOSCOLO, W. R. et al., 2008). O principal produtor da regiao
Sul do pais é o estado do Parana, na regido Sudeste, os estados de S&o Paulo e
Minas Gerais, e na regido Nordeste, o Ceara, Bahia e Pernambuco, havendo nestes
estados grandes celeiros de produgdo (BARROSO, R. M. et al., 2019; VALENTI, W.
C. etal., 2021).
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No Brasil, até meados da década de 90, os cultivos de tilapia se davam em
viveiros escavados no chao, sistemas que representam por volta de 14,36 + 5,3%
dos custos iniciais para construcdo, sem falar dos tratamentos de fertilizacao,
calagem, aeradores, dentre outros (DE OLIVEIRA, E. G. et al, 2007,
CASTILHO-BARROS, L. et al., 2020). A partir do ano de 2000, surgem os cultivos
em tanques-rede, sistemas flutuantes que requerem um menor investimento por
quilo de animal produzido, instalados principalmente em locais com vastas vazdes
hidricas, como reservatoérios publicos, represas, lagos e rios, sendo estes produtivos
na criacdo de peixes em altas densidades (FURLANETO, F. P. B. et al.,, 2010;
SCORVO FILHO, J. D. et al.,, 2010). Em termos produtivos, a conversao de
alimentacdo melhorada é 22,2% menor em tanques de terra em relagdo aos
tanques-rede (VALENTI, W. C. et al., 2021).

Estudos avaliam que em sistemas de cultivo em tanques-rede é possivel a
reducao da oferta de ragdo sem afetar a produgcdo do pescado, visto seus habitos
alimentares omnivoros e planctivoros, reduzindo drasticamente os gastos produtivos
(DE MORAES, C. R. F,, et al., 2020). Mesmo com todo desenvolvimento tecnologico
datado desde 2000 a.C., ainda existem gargalos produtivos a serem estudados e
novas tecnologias a serem geradas neste sistema de produgao. Fatores ambientais
como salinidade e temperatura, ligadas aos periodos sazonais de cada regido, sao
atualmente um dos maiores fatores que limitam a producdo na aquicultura,
principalmente de espécies que estdo fora de sua faixa de tolerancia ideal
(REBOUCAS, P. M. et al., 2020). A tilapia € um animal pecilotérmico, oriundo de
regides tropicais e subtropicais de aguas quentes (26°C e 28°C), e sua reprodugao
esta diretamente ligada a temperatura (£24°C). Quando abaixo de 20°C, o animal
passa a um estagio de estresse, ja demonstrando redugdo da movimentagao e de
habitos alimentares, e indo a 6bito em temperaturas entre 11 e 17°C, acarretando
maiores custos e perdas de produgdao em periodos mais frios (inverno) em regides
mais distantes a linha do equador (NICO, L.G., 2019; REBOUCAS, P. M. et al.,
2020).

A alimentagao fornecida é significativamente importante no cultivo de tilapias
na busca por reduzir esses efeitos metabdlicos indesejaveis. A alimentagédo é
responsavel por grande parte dos gastos da produgdo, mantendo assim suas taxas

corporais em condicbes menos estressantes, favorecendo seu desenvolvimento
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(XIONG, Y. et al., 2014; XIE, D. et al., 2017). Nutricionalmente falando, as tilapias
necessitam de taxas especificas de lipideos (10-15%), proteinas (>40%), assim
como carboidratos, sais minerais e vitaminas (CHOU, B.S.; SHIAU, S.Y. ,1996;
NICO, L. G., 2019).

Com o avango da ciéncia, mais pesquisas tém buscado melhorar o
desenvolvimento comercial de O. niloticus. Artigos cientificos ja demonstraram que
a otimizagdo da relagdo acido linoleico (18:2) e acido linolénico (18:3) na dieta
melhora o perfil de acidos graxos nos peixes (PAULINO et al., 2018); que probidticos
e prebiodticos especificos podem conferir melhorias substanciais no crescimento,
engorda e respostas imunolégicas (ZHOU, X. et al., 2010; XIA, Y. et al., 2020;
POOLSAWAT, L. et al., 2021); que é possivel a producédo de vacinas comestiveis
(PLANT, K. P.; LAPATRA, S. E., 2011; ISMAIL, M.S. et al., 2016; HOARE, R. et al.,
2021); e que a adicdo de biomassa de microalgas favorece o desenvolvimento
quando comparado a dietas convencionais baseadas em ragdes comerciais
(SARKER, P. K. et al.,, 2018; BARRAZA-GUARDADO, R. H. et al., 2020;
ALAGAWANY, M. et al, 2021). Especificando este ultimo item, a spirulina
(Arthrospira platensis) € uma das algas mais testadas e utilizadas como suplemento
alimentar contra disturbios fisiolégicos, conferindo protecéo contra danos oxidativos
e efeitos imunoestimulantes (TAKEUCHI, T. et al., 2002; RAGAP, H. M. et al., 2012;
ABDELKHALEK, N. K. M et al., 2017; SIRINGI, J. O., et al., 2021).

Além dos contribuintes oriundos da alimentacdo, os processos fisioldgicos e
metabodlicos podem ser controlados por mecanismos enddgenos, categorizados
como mecanismos epigenéticos, dentre os quais, destacam-se os microRNAs
(miRNAs), moléculas de acido ribonucleico (RNA) medindo 18-22 nucleotideos nao
codificantes com atividade de regulagdo pds-transcricional da expressdo génica
(CAMPOS, V. F. et al., 2011; BLODORN, E. B. et al., 2021; RAZA, S. H. A. et al.,
2022). Por seu carater modulador de fendtipos fisiologicos e natureza pleiotropica,
essas moléculas estdo sendo estudadas para diferentes aplicacbes e dentre
diferentes espécies e reinos (LI, D. et al., 2021; DA SILVA, L. S. et al., 2021; YU, Y.
et al., 2021). Mesmo com todo esse conhecimento, muito ainda tem de ser
descoberto, como por exemplo a utilizacdo de miRNAs exdgenos (exog-miRNAs)
por via intravenosa em terapias moleculares (RUPAIMOOLE, R.; SLACK, F. J., 2017;
GANDHI, G. et al,, 2021; SAQUIB, M. et al.,, 2021) ou por via oral através da
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alimentagdo (KHURANA, P, et al., 2021; DEL POZO-ACEBO, L. et al., 2021). Tal
técnica tem sido relatada por possuir potencial de aplicagdo, principalmente no

contexto produtivo da aquicultura (ZHOU et al., 2021).

Cui e colaboradores (2021) demonstraram que, o fornecimento de bactérias
que superexpressam miR-34 através da alimentagdo, promoveu uma resposta
imune antiviral em camardes contra a sindrome da mancha branca. Ao mesmo
tempo, o miR-34 antiviral exibiu atividade antitumoral em camundongos alimentados
com camarao que superexpressam miR-34 e se alimentavam com as bactérias
produtoras de miR-34. Tal estudo demonstrou que os miRNAs disponibilizados na
dieta foram capazes de controlar simultaneamente a doenca viral do camarao e a
tumorigénese humana, sendo esta uma estratégia eficaz e econémica (CUI; WAN;
ZHANG, 2021).

No contexto do enfrentamento a baixas temperaturas, a literatura relata a
atuagao de varios miRNAs que trabalham da manutencéo fisiolégica e metabdlica de
peixes teledsteos (BIZUAYEHU, T. T.; BABIAK, I., 2014; WOLDEMARIAM, N. T. et
al., 2019; BLODORN, E. B. et al., 2021; RAZA, S. H. A. et al.,, 2022). Através da
revisdo sistematica da literatura e proje¢des in silico produzidas por Blodorn e
colaboradores (2021) foi possivel identificar que o miR-9-3p, miR-135c, miR-9-5p,
miR-30b, miR-122 e miR-92a-3p sdo moléculas potenciais para regulagdo da
adaptacdo de peixes teledsteos ao frio (BLODORN, E. B. et al., 2021). Desse modo,
o desenvolvimento de suplementos alimentares baseados na tecnologia de miRNAs
€ de grande interesse comercial, principalmente na busca da tolerancia de peixes de
agua doce ao frio, conferindo uma melhor produ¢do do pescado em condigbes antes

desfavoraveis.

2 REVISAO BIBLIOGRAFICA

2.1 miRNAs como moduladores metabdlicos por via oral
A pesquisa de base sempre foi o impulso para inovagdo, gerando inumeras
descobertas nas diversas areas do conhecimento, entre estes temos os microRNAs
ou miRNAs, um grupo de moléculas de RNA néao codificantes contendo de 22~25

nucleotideos compondo sua estrutura. Descoberto em 1993 estas moléculas
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revolucionaram a compreensao acerca dos processos pos-transcricionais.
Inicialmente foi identificado o lin-4 em um nematdédea (Caenorhabditis elegans),
regulando seu desenvolvimento larval (LEE et al., 1993). Anos depois foram sendo
encontrados varios outros, em diferentes espécies e responsaveis por diferentes
processos, cada um regulando negativamente ou positivamente a expresséo génica,
degradando ou bloqueando a tradugao de RNAs mensageiros (mMRNAs; CAMPOS et
al., 2011).

A biogénese dos miRNAs se inicia no nucleo (Fig. 1), sendo o RNA primario
(pri-miRNA) transcrito pela Polimerase Il ou lll e pré-processado pela endonuclease
Drosha RNase Ill para formagédo dos miRNAs precursores (pré-miRNAs), quando os
pré-miRNAs sao transportados ao citoplasma passam por um processo de
maturacao pela RNase lll e Dicer, resultando em uma fita dupla de miRNA nos
metazoarios (LI, Z.; XU, R.; LI, N., 2018). As plantas diferem dos metazoarios no
local de maturagao dos pré-miRNA, que acontece ainda no nucleo, a enzima DCL1
tem sido proposta como responsavel pelos cortes realizados durante a maturagao
dos miRNA, até a formacao da dupla fita. Outra diferengca é a metilacdo obrigatoria
que ocorre no final da maturagdo, onde a enzima RNA metil transferase, chamada
Hua Enhancer (HEN) 1, metila os duplexes de miRNA/miRNA em suas extremidades
3 ' (2-O-metilados 3'-terminal; LI, Z.; XU, R.; LI, N., 2018). Por final sendo
transportado pelo complexo proteico Ran-GTP em animais, e a carioferina HASTY, o
ortélogo vegetal da Exportin-5 (BARTEL, D. P., 2004).

A regulagdo da expressao poés-transcricional sé ocorre com o complexo RISC,
complexo de silenciamento induzido por RNA, ele se associa ao microRNA fita dupla
o separando, uma das fitas é associada e a outra degradada ou anexada a outra
RISC, s6 assim teremos um miRNA maduro (FERNANDES-SILVA et al., 2012;
SILVA et al., 2018), ndo diferindo entre as plantas e os metazoarios (BARTEL, D. P,
2004).
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Figura 1 — Biogénese e processo de maturagdo de miRNA em plantas e animais. Fonte: LI, Z.; XU, R.;
LI, N., 2018.

O complexo RISC também funciona no silenciamento pés trancricional com outro
grupo de moléculas de RNA, os pequenos RNAs interferentes (siRNAs) que
medeiam o RNA interferente (RNAIi), e isso € uma das caracteristicas que os
assemelham aos miRNA. A partir de uma fita de RNA dupla (dsRNA) a enzima
DICER faz clivagens consecutivas, processando a molécula e gerando varios

siRNAs com aproximadamente 22-19 nucleotideos, o siRNA se acopla ao complexo
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RISC, ficando a fita antisense acoplada para assim o complexo atuar na clivagem do
MRNA em sua area complementar a do siRNAs (BARTEL, D. P., 2004;
ABO-AL-ELA, H. G., 2021).

Para que a regulagéo ocorra efetivamente € necessaria uma complementaridade,
seja ela total ou parcial, entre o miRNA maduro e o mRNA, em animais miRNAs tém
alvos com complementaridade imperfeita (LI, Z.; XU, R.; LI, N., 2018), a maioria das
interagcdes ocorre com a regiao 3'UTR dos mRNAs alvo, bloqueando a expressao.
Outros alvos de interacédo ja foram detectados, por exemplo, as sequéncias das
regides 5’UTR também podem mediar a interagdo mRNA — miRNA (BROUGHTON
et al., 2016). Em plantas, miRNAs tém complementaridade quase perfeita com seus
mRNAs alvo (LI, Z.; XU, R;; LI, N., 2018). Em estudos utilizando espécies vegetais
de Arabidopsis puderam observar que os mMiRNAs vegetais ndo agem apenas
clivando o alvo, também poderiam induzir a repressao traducional a partir do seu
acumulo na planta. Contudo, ainda ndo se tem conhecimento como esta repressao é
regulada (GANDIKOTA et al., 2007; LI, Z.; XU, R.; LI, N., 2018). Ainda nao esta
completamente elucidado como ocorre a regulagdo enddgena mediada por
microRNAs de origem vegetal ingeridos por meio da alimentagdo, embora
evidéncias apontem que esses miRNAs podem exercer algum nivel de influéncia
sobre a expressdao génica em organismos consumidores. Com 0s avangos nas
metodologias de detecgéo e analise funcional de RNAs nao codificantes, espera-se
que em breve seja possivel compreender com maior precisdo se essa interagao
cruzada realmente ocorre, € de que forma ela se estabelece no contexto
interespécies (LI, Z.; XU, R.; LI, N., 2018).

Todas essas caracteristicas abrem o leque de interacéo e aplicagcdo dos miRNAs,
atuando dentro ou fora da célula como os hormdnios. Eles podem ser produzidos
endogenamente ou incorporados/absorvidos por via intravenosa e alimentar.
Inumeras sé&o as aplicagdes projetadas, como possiveis terapias para saude
humana e solugdes para aquicultura (MORI et al., 2019; CUI, Y.; WAN, H.; ZHANG,
X., 2021). Com o avang¢o no desenvolvimento das técnicas, escolhendo melhor os
controles (positivo e negativo) e protocolos de analise, evitando ruidos de sinais de
fundo durante RT-qPCR ou artefatos de procedimento de sequenciamento, em breve
entenderemos se ha, e como funciona essa interacao cruzada (LI, Z.; XU, R.; LI, N.,
2018).
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A comunicagdo extracelular, célula a célula, se da por miRNAs circulantes
(circRNAs) que sao sintetizados intracelularmente e secretados nos fluidos
extracelulares, como sangue, leite, fluido seminal e suor, atuando endocrinamente
nos diferentes tecidos (O'BRIEN et al., 2018). Outro modo de entrega dos miRNAs
aos tecidos e células alvo é por via alimentar. A interagdo com o intestino tem sido
algo bem pesquisado, visto as caracteristicas particulares deste 6rgao, como seu
pH, diversidade microbiana e conexdes com o sistema nervoso (O'BRIEN et al.,
2018). Para manter a atividade e aumentar sua estabilidade estas moléculas sao
agregadas em exossomos e vesiculas, ou associadas a proteinas, como lipoproteina
de alta densidade (HDL), s6 assim vao conseguir cumprir suas funcdes
extracelulares. Estando protegidos por uma vesicula sdo captados através da
membrana celular por endocitose, por exemplo, e os miRNA extracelulares sem
revestimento sdo captados por receptores especificos na célula.Mesmo com essas
observagcdes os mecanismos de captacdo ainda nao sdo bem compreendidos
(O'BRIEN et al., 2018; PENG; WANG, 2018). Foram observados alguns mecanismos
de captacao intestinal de miRNA's e dsRNAs, entre eles por transportadores do tipo
SID (Proteina defeituosa de interferéncia de RNA sistémica), sendo os mais
estudados SID1, SID2 e SID5, assim como células imunes da barreira intestinal por
exemplo (LI, Z.; XU, R.; LI, N., 2018; Cui, Y. et al., 2021).

Estudos recentes (CHEN et al. 2021) conseguiram mapear o caminho que 0s
miRNA dietéticos percorrem (Fig. 2). Apds todo processo de mastigagdo e
degluticdo do alimento os miRNA presentes sao liberados por digestdo mecanica e
absorvidos pelos transportadores SIDT1, expressos em células PIT do epitélio
estomacal. Para uma eficiente entrega dessas moléculas a estabilidade é algo
extremamente importante, o ambiente acido contribui para ndo degradacéo a partir
de RNases presentes. Exossomos medeiam a absorcdo de miRNA, assim como
conferem uma protecao extra contra sua degradagado. Apos captacgao pelas células
PIT os miRNA sao secretados para o sistema circulatério como entidades funcionais

em exossomos e vao se encaminhando aos seus alvos (CHEN et al. 2021).
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Figura 2 — Representagdo Semiesquematica do caminho que os miRNA dietéticos percorrem. A)
Alimentos como principais fontes de miRNAs e dsRNAs; B) Apds o processo de mastigagéo e
degluticdo o alimento segue para o estdbmago dos animais, onde processos digestivos ocorrem; C)
miRNAs e dsRNAs encapsulados em exossomos ou agregados proteicos s&o liberados no [umen do
estomago; D) Receptores SIDT1 presentes na membrana de células PIT captam os miRNAs e
dsRNAs, sendo posteriormente encapsulados em exossomos intracelularmente e secretados no
tecido; E) Exossomos secretados pelas células PIT entram no sistema circulatério e sdo entregues as

células e tecidos de destino. Imagem criada em BioRender.com.

Buscando testar a aplicagdo dos miRNA através da alimentagao na regulacéo de
doengas Cui, Y. et al. (2021) desenvolveram um camarao modificado geneticamente
para expressar o mir-34, um miRNA com potencial antiviral. Além de expressar essa
molécula esses camardes foram alimentados com bactérias, também modificadas,
que expressavam esse mMIRNA. Quando expostos ao virus da mancha branca
(WSSV) os animais conseguiram resistir a infecgéo. Por ser uma molécula altamente
versatil, tem uma estrutura que pode se acoplar e direcionar varios genes-alvos.
Essas caracteristicas permitiram realizar a testagem do mir-34 contra doencas
metabdlicas, mais precisamente a tumorigénese humana. Células doentes foram
cultivadas e inoculadas em camundongos. Os camardes que super expressam € se

alimentam do miRNA, foram preparados e oferecidos na alimentagdo dos
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camundongos. Foi observado que o mir-34 controlou simultaneamente a doenga
viral do camarao anteriormente e agora a tumorigénese de células humanas (Cui, Y.
et al., 2021).

Gismondi et al. (2021) estudaram a interagdo do miR171vr, uma isoforma do
miR171 de plantas, em células de rim embrionario humano 293 (HEK293) e
confirmaram as projeg¢des in silico, onde houve a interacdo. Células tratadas com
miR171vr mostraram uma diminui¢ao significativa dos niveis de mRNA e proteina de
GNA12. Os fatores de sinalizagédo a jusante do GNA12, incluindo o mTOR, foram
regulados para cima apos a exposicdo ao miRNA da planta. Através de testes, o
mMiRNA da planta sintética permaneceu intacto apds exposi¢cao a pH acido e neutro
ou alta temperatura, enquanto parecia muito sensivel ao pH basico e a atividade da
RNase A. Esses dados suportam a hipétese de que o miR171vr pode ser realmente
absorvido pela dieta. O miR171vr tem potencial de ajudar no tratamento de
disturbios em que o0 GNA12 é superexpresso (ou seja, cancer oral, adenocarcinoma
de mama e proéstata) ou mTOR quinase é regulado para baixo (por exemplo,
obesidade, diabetes tipo 2, neurodegeneracdo), sendo introduzido pela dieta ou
como suplemento em terapias génicas.

Estudos in vivo utilizando os RNA's ndo codificantes na regulagao metabdlica séo
extremantes potenciais para o desenvolvimento de tecnologias para saude humana,
ainda mais quando tratados no contexto de sua implementagao alimentar, método de

aquisicao, disseminagao e atuacgao pelo corpo, células e tecidos.
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3 HIPOTESE E OBJETIVOS

3.1 Hipétese
A a identificacao de plataformas bacterianas, bem como a otimizacédo de vetores de
expressao € essencial para uma producgao efetiva de miRNAs heterdlogos, aplicado

ao desenvolvimento de tecnologias nutracéuticas para peixes.

3.2 Objetivo Geral
O presente estudo tem como objetivo a otimizacdo da produgcdo de miRNAs

heterélogos em plataformas bacterianas, como suplemento nutracéutico para peixes.

3.3 Objetivos Especificos
e Identificar as melhores plataformas bacterianas para expressao heteréloga de
miRNAs;
e I|dentificar os elementos essenciais necessarios em uma constru¢cdo para
aumentar a expressao de miRNA;
e Revisar qual o plasmideo comercial que tem sido mais utilizado para

expressar miRNA;

e Otimizar vetores de expressao e construir uma molécula de DNA sintético

contendo sequéncia nucleotidica para produgéo eficiente de miRNAs;

e Patentear as sequéncias sintéticas desenhadas, assim como a formulagao do
suplemento alimentar acrescido com cepa recombinante expressando

miRNAs de interesse;

e Revisar artigos cientificos e desenvolver um artigo de revisao bibliografica

sobre a expressao heterdloga de miRNAs em bactérias.
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Abstract

Bacteria, the primary microorganisms used for industrial molecule production, do not
naturally generate miRNAs. This study aims to systematically review current literature
on miRNA expression systems in bacteria and address three key questions: (1)
Which microorganism is most efficient for heterologous miRNA production? (2) What
essential elements should be included in a plasmid construction to optimize miRNA
expression? (3) Which commercial plasmid is most used for miRNA expression?
Initially, 832 studies were identified across three databases, with fifteen included in
this review. Three species—Escherichia coli, Salmonella typhimurium, and
Rhodovulum sulfidophilum—were found as host organisms for recombinant miRNA

expression. A total of 78 miRNAs were identified, out of which 75 were produced in
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E. coli, one in R. sulfidophilum (miR-29b), and two in S. typhimurium (mi-INHA and
miRNA CCL22). Among gram-negative bacteria, R. sulfidophilum emerged as an
efficient platform for heterologous production, thanks to features like nucleic acid
secretion, RNase non-secretion, and seawater cultivation capability. However, E. coli
remains the widely recognized model for large-scale miRNA production in
biotechnology market. Regarding plasmids for miRNA expression in bacteria, those
with an Ipp promoter and multiple cloning sites appear to be the most suitable due to
their robust expression cassette. The reengineering of recombinant constructs holds
potential, as improvements in construct characteristics maximize the expression of
desired molecules. The utilization of recombinant bacteria as platforms for producing
new molecules is a widely used approach, with a focus on miRNAs expression for

therapeutic contexts.

Keywords: Non-coding RNAs; Genetic engineering; Bioengineering; Bioengineered

RNA; miRNA expression systems; Therapeutics;
1. Introduction

microRNAs (miRNAs or miRs) are small non-coding RNA molecules,
composed of around 18 to 25 nucleotides, with activity in post-transcriptional
regulation of gene expression through base pairing with complementary sequences
of messenger RNA (mRNA), resulting in mRNA degradation or inhibition of
translation (Campos et al., 2011; Blédorn et al., 2021; Raza et al., 2022). Due to their
modulator character of physiological phenotypes and pleiotropic nature, these
molecules were studied for different applications, among different species and
kingdoms (Li et al., 2021; Da Silva et al., 2021; Yu et al., 2021). Nevertheless, much
remains to be explored, particularly regarding the deregulation of miRNAs and their
association with cancer (Volinia et al., 2006; Stabile et al., 2023), as well as their role
in modulating immune system responses (Zhou et al., 2012; Rose et al., 2021), both

of which serve as notable examples.

The natural expression of miRNAs is observed in viruses, fungi, algae, plants
and animals, which have a whole physiological structure that facilitates the encoding,
transport and maturation of miRNAs through the RNase Il Drosha molecular system
in the nucleus and DICER in the cytoplasm (Lee et al., 2010; Cuperus et al., 2011;

Cock et al., 2017). Bacteria lack true miRNAs, even though there is the production of
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small non-coding RNAs (sRNAs) which have the same miRNA behavior, circulating in
extracellular vesicles (Wassarman et al.,, 1999; Choi et al., 2017). Bacterial
production of sRNAs is linked to the synthesis of ribonucleoproteins that control
cellular functions, which changes the stability and efficiency of mRNA translation,
through the formation of sRNA/mRNA duplexes (Driessen and Nouwen, 2008;
Furuse et al., 2014). Even though it is not inherent to their biology, the production of
miRNAs in bacterial cells has been an object of recent studies. This approach to

express heterologous miRNA in bacteria may find wide biotechnological applications.

Bacteria are often used as host factories for the expression of various
molecules of industrial interest. Some examples of molecules that can be expressed
in bacteria include insulin (Allen et al., 2019; Alyas et al., 2021), growth factor (Tian et
al., 2011), interferons (Bis et al., 2014; Alrseetmiwe et al., 2020), pigments (Lim et al.,
2015; Linke et al., 2023), and hyaluronic acid (Sheng et al., 2015; Sunguroglu et al.,
2018). The expression of these molecules in bacteria may be advantageous due to
their ability to grow rapidly in large quantities, be easily genetically manipulated, and
be able to produce complex molecules in a high-yield and low-cost system (Posada
et al., 2012; Falak et al., 2022; Ganjave et al., 2022). To express miRNA in bacteria,
an appropriate expression system is needed. There are several types of miRNA
expression systems available, including expression of miRNA from a plasmid (Yi et
al., 2020), the insertion of miRNA into an endogenous bacterial gene (Pereira et al.,
2017), and miRNA expression from a phage (Liu and Berkhout, 2011; Hashiro et al.,
2019).

The ease of manipulation and amplification make a plasmid-based miRNA
expression system a widely favored method. However, it is important to consider the
essential characteristics that must be contained in an expression plasmid (Keasling,
1999; Choi et al., 2010; Terol et al., 2021). Expression plasmids can be customized
to meet the specific expression needs of the molecule of interest. For example, they
can be designed to produce proteins under different growth conditions, including
different temperatures, pH and culture media, as well as with different
post-translational modifications, such as glycosylation (Brooks, 2004; Kightlinger et
al., 2020).
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In this systematic literature review, we examine some miRNA expression
systems in bacteria and provide answers to 3 distinct questions: (1) Which
microorganism is the most effective for heterologous miRNA production? (2) What
are the essential elements required in a construct to enhance miRNA expression? (3)
What is the commercial plasmid that has been most used to express miRNA? In view
of the economic importance of producing heterologous molecules through expression
systems in bacteria and the trend towards large-scale production of other molecules
of commercial interest, this review is important not only to support and direct new
studies in the area, but also to investigate more efficient expression systems to

produce miRNAs of technological interest.
2. Materials and methods
2.1. Review question and search

To find plasmids used for expression of miRNAs in bacteria, a systematic
review of the scientific literature was carried out in three different databases:
PubMed, Web of Science and Scopus. Scientific articles up to June 2024 were
selected with the following keywords and terms: “microRNA” or “miRNA” combined
with “heterologous expression” or “recombinant RNA” or “bioengineered microRNA”
or “recombinant DNA” or “expression system” or plasmid and “bacteria”. The
complete structure of the search strategy is described in Table 1. Only peer-reviewed

articles written in English were selected.
2.2. Screening and selection

Next, all the results from the three databases were gathered in text format (.txt) and
added to a single folder in Excel to start the integrity analysis of the assembled
library, as well as to remove duplicates. Subsequently, three independent reviewers
examined all titles and abstracts, and a fourth reviewer contributed if there was any
disparity in the inclusion or not of the articles. To be part of the sample, the study
should meet the following inclusion criteria: (1) original research, (2) use of bacteria,
(3) use of constructs to express miRNAs, (4) expression of recombinant molecules,
and (5) open access results. Studies that did not meet the inclusion criteria as review

articles, abstracts or presentations of scientific events, books or book chapters,
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papers in languages other than English, research with eukaryotes, CRISPR/Cas,

archaea or viruses were excluded.
2.3. Data collection

Lastly, data were extracted from all publications that met the inclusion criteria. The
full text and supplemental sections of each study were scrutinized by two
independent reviewers. The data collected include the author's name, vyear,
keywords, species of bacteria used, plasmid used for expression, how the miRNA
was expressed and for what purpose, characteristics of the plasmid and possible
methodological descriptions. In addition, there was a manual investigation in the
reference sections, in search of possible additions, as some articles that met the
inclusion criteria did not appear in the searches using the keywords in the databases,

completing the final library.
3. Results and discussion
3.1. Study selection and data collection

A total of 832 studies were initially identified in three databases using the search
terms (Table 1), of which 414 were in PubMed, 266 in Scopus and 152 in Web of
Science (Fig. 1). Nine studies were manually added to the pool after being identified
in a reference list. The discrepancy between the number of studies in the different
databases is mainly due to the different indexing rules of each database, for example
the terms MeSH (Medical Subject Headings), these parameters being considered a
reflection of the quality of journals by many researchers. Studies in the health and
medical areas were the first to enter this quality dispute, mainly in private databases,
where they often concentrate a greater number of indexed texts, as is the case of the
PubMed platform (Mao and Lu, 2017).

However, other factors may contribute to it, such as the lack of permission to
use all features of a thesaurus by Scopus (Bramer et al., 2017). Another possible
explanation for the reduced number of studies found in Web of Science and Scopus
is the subscription cost, reducing the power of choice of institutions to carry out
publications (Pranckuté, 2021). After assembling the library, 21 duplicates were

removed, and 796 studies were excluded by screening titles and abstracts. Of the
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total number of exclusions, 59 studies aimed the expression of MiIRNA/RNAI in
eukaryotic cells, 240 studies using machinery from archaea or viruses, 33 studies
using CRISPR/Cas, 413 studies on genetic functioning and molecular pathways in
pro/eukaryotes and 51 articles reviews, abstracts or presentations of scientific

events, books, or book chapters.

Subsequently, 24 studies were selected for the next step, the full-text
evaluation. From the last selection, nine articles were removed from the sample for
not expressing miRNA in bacteria, resulting in a final library comprising fifteen
studies: Yoon et al. (2011); Li et al. (2014); Li et al. (2015); Wang et al. (2015); Chen
et al. (2015); Pereira et al. (2016); Ho et al. (2018); Petrek et al. (2019); Pereira et al.
(2020); Yi et al. (2020); Cui et al. (2021); Li et al. (2021); Yoon et al. (2021); Chen et
al. (2023) and Traber et al. (2024).

Among all the selected studies, three different species were identified,
including Escherichia coli, Salmonella typhimurium and Rhodovulum sulfidophilum.
Furthermore, a total of 78 miRNAs (Table 2) were expressed. Most of the
applications of the miRNAs produced were for the treatment of cancer. Several
expression systems were used, each one with its particularities towards achieving
improved expression of the desired miRNA. The selected studies were published
within the timeframe spanning from 2011 to 2024. A complete overview of all included

studies is available in Table 2.
3.2. Summary of selected articles

Furthermore, to seek mechanisms to overcome atopic dermatitis, Yoon et al.
(2011) described in their study the therapeutic use of recombinant S. typhimurium
carrying miRNA CCL22 in a mouse skin model. Using an RNAI designer program,
two single-stranded DNA oligonucleotides encoding the pre-miRNA target of the
regulatory chemokine CCL22 were designed. After oligonucleotide annealing, cloning
was performed in the pcDNA™ 6.2-GW/EmGFP-miR expression vector. The study
showed that the new plasmid reduced the gene expression of the regulatory
chemokine CCL22 in vitro and in vivo in models of atopic dermatitis in mice and
induced therapeutic effects with Th-1 immune responses. It has been shown that
topical application of the recombinant bacteria resulted in a significant improvement

in skin inflammation, reduced infiltration of inflammatory cells and decreased
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expression of pro-inflammatory cytokines, as well as an overall improvement in skin
barrier function, demonstrating potential for the development of new therapies for

inflammatory skin diseases.

Li et al. (2014) describes a method for the rapid production of a pre-miRNA
molecule, specifically pre-miR-27b. It was expressed in E. coli bacteria using
recombinant RNA technology, and the pre-miR produced were applied in cell cultures
of human carcinoma. Purified tRNA/mir-27b agents were found to be processed to
mature miR-27b in human carcinoma LS-180 cells, which consequently reduced
CYP3A4 protein expression and resulted in lower midazolam 19-hydroxylase activity.
Consequently, it influenced the ability of cellular metabolism of drugs. The work
brings new clues for the development of natural pre-miRNA agents for functional

studies in drug metabolism.

Li et al. (2015), on the other hand, describe the efficient production of
intracellular chimeric pre-miR-1291 in E. coli, as well as its effectiveness in reducing
their target gene expression. The DNA fragments corresponding to the miRNA were
cloned into the pBSMrnaSeph vector, a recombinant RNA technology using a
methionyl transfer RNA (tRNA) scaffold. Freshly transformed E. coli HSTO8 cells
were seeded on an LB broth agar plate containing antibiotics for selection, followed
by culture at 37 °C. For large-scale production of RNA, transformed cells were
cultured in 1 L of medium. Total RNAs were isolated from bacteria using the phenol
extraction method and quantified with a spectrophotometer. To examine the
expression of recombinant ncRNA produced, the extract was subjected to
polyacrylamide gel electrophoresis, demonstrating optimal expression of the
recombinant tRNA/mir -1291.

The publication by Wang et al. (2015) describes a novel approach for
high-yield biosynthesis in E. coli, utilizing a chimeric tRNA/miR-34a that can be
employed as a prodrug in cancer therapy. To achieve this, the vector pBSMrnaSeph
was constructed for the expression of tRNA/miR-34a, and the tRNA/miR-34a
expression plasmids were confirmed through sequencing analysis. The expression of
recombinant ncRNAs was carried out in E. coli. Total RNAs were isolated and
analyzed via urea-PAGE to evaluate the expression of recombinant ncRNAs. The

study reported that the chimeric tRNA/miR-34a could be efficiently biosynthesized on
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a large scale in a common strain of E. coli and rapidly purified with a high degree of
homogeneity. Additionally, the chimeric tRNA/miR-34a demonstrated remarkable
cellular stability. Deep sequencing and gRT-PCR analyses revealed that the
tRNA-carried pre-miR-34a was accurately processed into mature miR-34a within
human carcinoma cells. Furthermore, tRNA/miR-34a inhibited the proliferation of
various types of human carcinoma cells in a dose-dependent manner. It also
significantly suppressed the growth of A549 non-small cell lung cancer and HepG2
hepatocarcinoma xenograft tumors in mice. Finally, the recombinant tRNA/miR-34a
had minimal or no effect on blood chemistry and interleukin-6 levels in mouse

models, suggesting that the recombinant RNAs were well-tolerated.

In the study by Chen et al. (2015), an advanced method for the creation of
high-yield chimeric RNAs was developed, using various types of small functional
RNAs with broad applications. A series of plasmids were created using different
amplicons along with the pBSMrnaSeph vector, and the chimeric RNAs were
expressed in E. coli. The analysis of total RNAs revealed that the levels of
recombinant pre-miRNA chimeras expressed in E. coli varied significantly, even using
the same tRNA scaffold. Additionally, many of the target RNAs were not expressed or
showed minimal expression. A549 cells were transfected with OnRS/miR-124 and
tRNA/mir-34a (OnRS) purified by FPLC. It was observed that mature miR-124 could
be selectively produced from OnRS/miR-124 in human cells. Through deep
sequencing and selective RT-gPCR analysis with stem-loop, it was determined that
the levels of mature miR-124 were approximately 1000 times higher in A549 cells
from day 1 to day 4 after transfection with OnRS/miR-124. Moreover, the increase in
miR-124 in A549 cells treated with OnRS/miR-124 resulted in a 60 % reduction in
STAT3 protein levels, and a 1 to 2-fold increase in early and late apoptosis rates, as
well as necrosis. The researchers highlight that this approach is robust and versatile,
with extensive potential applications in the engineering of chimeric non-coding RNAs,
which could be used as research tools both in vitro and in vivo, and developed as

diagnostic and therapeutic agents.

Pereira et al. (2016) describe a method to produce human pre-miR-29b using
a mutant strain of R. sulfidophilum that has been engineered to secrete pre-miR-29b

directly into the culture medium. They show that this mutant strain can produce
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pre-miR-29b in significant amounts in a relatively short time, and that the secreted
pre-miR-29b is biologically active. Finally, the authors also discuss some of the
potential applications of large-scale production of pre-miR-29b, including a possible
therapeutic treatment for diseases, such as cancer. They suggest that the direct
secretion of produced pre-miR-29b into the extracellular environment may have
advantages over traditional production methods such as recombinant pre-miR-29b

production in E. coli.

Ho et al. (2018) highlighted a new ncRNA bioengineering technology by
introducing a more stable carrier known as nCAR, which includes a derivative of
pre-miR-34a. This study investigated the effects of nCARs on miRNA profiles in
human lung carcinoma cell lines. The pre-miR-34a G138U/139AG derivative was
selected and fused with a tRNAMet to form the nCAR, designed as a carrier for RNAI
agents. This nCAR facilitated the assembly of targeted RNAi agents, where small
RNAs (sRNAs) such as miRNAs, siRNAs, and aptamers replaced the miR-34a
sequences or were directly added to designated locations. The resultant constructs
were assembled into the pBSTNAV vector. After transformation and fermentation, the
expression of the target BERAs was evaluated by urea-PAGE analysis of total RNAs
isolated from E. coli. They found successful expression of 33 BERAs at a remarkably
high level (40 %—80 % of total RNAs), representing an 80 % success rate (33 out of
42 target ncRNAs). Additionally, the release of target miRNAs in human cells was
found to be Dicer-dependent in the case of miR-34a-5p and Dicer-independent in
miR-124a-3p, with subsequent changes in miRNome and transcriptome profiles.
Furthermore, the nCAR assembled with miR-34a-5p and miR-124-3p effectively
suppressed cell proliferation in human lung carcinoma by modulating the expression
of target genes such as cMET and CDKG6 for miR-34a-5p, and STAT3 and ABCC4 for
miR-124-3p. This ncRNA bioengineering platform, utilizing nCAR for the production
of various ncRNA molecules, offers promising potential as a new therapeutic strategy

against cancer.

Petrek et al. (2019) investigated the production of a single long non-coding
RNA molecule carrying multiple small RNAs, known as CO-BERAs, evaluating its
antiproliferative effect on human non-small cell lung cancer cell lines. The CO-BERA

sequences were generated by replacing the miR-34a duplexes with specific miRNA
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or siRNA sequences (miR34a, miR-124, let-7c, anti-miR-21, or NRF2-siRNA), and
then each of the inserts was ligated into the pBSTNAV vector. The resulting plasmids
were transformed into E. coli, and the expression of all target CO-BERAs was
confirmed by sequencing analysis. The CO-BERAs were successfully expressed in
E. coli at levels exceeding 40 % of the total bacterial RNA. Additionally, the
recombinant CO-BERAs were purified to high homogeneity by protein liquid
chromatography. To assess antiproliferative activity, cells were seeded at densities of
3000 or 5000 cells per well in 96-well plates overnight, and then transfected with 15
nM of ncRNA or control tRNA using Lipofectamine 3000. Cell viability was
determined by MTT assay 72 h post-transfection. The CO-BERAs demonstrated
significant antiproliferative activity against various human non-small cell lung cancer
cell lines. Specifically, htRNALeu/miR-34a/miR-124 and htRNALeu/let-7¢c/miR-124
consistently exhibited the highest degrees of antiproliferative activity against all
non-small cell lung cancer (NSCLC) cell lines analyzed. The article also highlights
the importance of this technology, emphasizing its potential to develop new

experimental, diagnostic, and therapeutic tools based on miRNA.

Pereira et al. (2020) describe the development and evaluation of a polymeric
delivery system (nanocarriers) for the targeted delivery of recombinant precursor
miRNA (pre-miR-29b), with potential implications in the treatment of neurological
disorders. After the biosynthesis by R. sulfidophilum, the recombinant pre-miR-29b
was recovered from the total RNA content and purified by affinity chromatography,
with later confirmation of expression by polyacrylamide electrophoresis. The authors
designed a nanocarrier consisting of a chitosan/polyethyleneimine polyplex modified
with lactoferrin and stearic acid to enhance its brain targeting ability. The nanocarrier
was loaded with pre-miR-29b, a miRNA with reported neuroprotective and
neuroregenerative effects. The nanocarrier was characterized for its size, payload,
and morphology, and evaluated for its ability to deliver pre-miR-29b to human neural
cells and mouse brain tissue. Results showed that the nanocarrier efficiently
delivered pre-miR-29b to both neural cells and brain tissue, resulting in the
upregulation of miR-29b and its downstream targets. In vitro analysis demonstrated
that the pre-miR-29b-CS/PEI-SA-Lf system delivered pre-miR-29b to neuronal cells
after 1 h of transfection. The transport experiment across the blood-brain barrier
(BBB) showed that CS-SA-Lf delivered 65 % recombinant pre-miR-29b over a 4 h
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period. The study suggests that this nanocarrier system could be a promising
approach for treating neurodegenerative diseases by selectively delivering miRNAs

to the brain.

In the study conducted by Yi et al. (2020), the fully humanized
hBERA/miR-328-3p molecule was developed, and the role of miR-328-3p in
regulating the uptake of essential nutrients for cellular metabolism was explored. The
plasmid for recombinant expression of hBERA/mMiR-328 was constructed using
htRNASer/pre-miR-34a, where the miR-34a duplexes were substituted with miR-328
target sequences. Following the overexpression of the recombinant ncRNA in E. coli,
the total bacterial RNA was extracted and subjected to urea-PAGE analysis,
demonstrating successful heterogeneous and high-level expression of the molecule.
To evaluate the levels of mature miR-328-3p in human osteosarcoma (OS) 143B and
MGG3 cells after 48 h of treatment with recombinant ncRNA, an RT-gPCR assay was
performed. The data revealed significantly higher levels of miR-328-3p. It was also
confirmed that miR-328-3p specifically processes to inhibit the growth of human OS
cells (143B and MG63). Additionally, it was observed that miR-328-3p can regulate
the expression of LAT1 and GLUT1 transporters through their 3' UTRs, thereby
modulating the mTOR pathway. Finally, the combination of miR-328-3p with
chemotherapy (cisplatin or doxorubicin) showed a synergistic inhibition of OS cell
proliferation. The article highlights the development of ncRNA biological agents and
demonstrates a novel role of miR-328 in regulating xenobiotic/nutrient transport and

the underlying homeostasis in cancer metabolism.

Cui et al. (2021) explored the potential use of miRNAs through feeding as a
therapeutic strategy to control viral diseases in animals, inhibiting white spot
syndrome virus (WSSV) replication in shrimp, as well as controlling the growth of
human tumor cells in an animal model. To express the mature miRNA in bacteria, the
miR-34 from the shrimp Marsupenaeus japonicus was cloned into a commercial
plasmid. The construct was then transformed into E. coli HT115 (DE3) cells. To test
the control of viral infection using miR-34, shrimps were initially infected
intramuscularly with the WSSV virus (105 copies/mL), then the crustaceans were fed
a mixed feed containing recombinant bacteria expressing miR-34. Suppression of

WSSV infection was observed through a significant reduction in WSSV copy number
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and mortality of infected shrimp. By offering shrimp fed with E. coli that was
overexpressing miR-34 in the mice diet, it was observed the direct influence of
miR-34 on the growth and metastasis of breast cancer cells, arresting them in the
GO0/G1 phase, thus, suppressing the progression of cancer. Furthermore, the article
discusses the potential advantages of using food miRNAs as a therapeutic strategy,

as well as discussing the challenges of this approach.

Li et al. (2021) developed a method for in vivo fermentation to produce
humanized non-coding RNAs (ncRNAs) carrying payload miRNAs for targeted
anticancer therapy. Competent E. coli HSTO8 cells were transformed with target
plasmids and confirmed by DNA sequencing. Electrophoretic analysis of total
bacterial RNAs revealed that, except htRNATyr/pre-miR-34a, all other target ncRNAs
studied were efficiently accumulated in E. coli, representing around 40 % of the total
bacterial RNA content. To define the antitumor efficacy of miR-34a-5p and
miR-124-3p, oncolytic miRNAs were applied in xenograft models of orthotropic
osteosarcoma and spontaneous metastasis in mice. The results showed that
hBERA/mMIiRNAs are selectively processed to mature miRNAs intracellularly, as well
as that they modulate target gene expression and cellular processes in human
carcinoma cells in vitro. Furthermore, hBERA/miR-34a-5p and miR-124-3p were
effective in reducing tumor growth and lung metastasis in in vivo models (mouse).
The authors suggest that large-scale production of humanized ncRNAs carrying
payload miRNAs through in vivo fermentation processes has the potential to become

a new platform for targeted anticancer therapy.

The article by Yoon et al., 2021 evaluated B16F10 cells infected with the
BRD509 strain of S. typhimurium expressing miRNA for the regulation of the INHA
gene (alpha subunit of inhibin) in association with radiation treatment in melanoma.
Initially, S. typhimurium SF586 was transformed to contain vectors encoding miRNA
against INHA and a scrambled miRNA, generating the SF509 strain. The plasmid
isolated from the Salmonella SF509 strain was used to construct the BRD509 strain,
which already contained the INHA sequence. To construct plasmids expressing INHA
siRNAs, the modified RNAi expression vector miR BLOCK-T Pol Il (Invitrogen,
Carlsbad, CA, USA) was used. The tests conducted confirmed that the recombinant

Salmonella drives effective cell death, and when used in conjunction with
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radiotherapy, maximizes the outcome. The cytotoxic effect of the miRNA INHA, as

well as the production of ROS, contributes to the reduction of cancer cells.

In 2023, Chen et al. expressed three recombinant miRNAs in E. coli to
investigate their potential as antimetabolites for the inhibition of human NSCLC cells.
Each plasmid was constructed by inserting the target miRNA coding sequence
(miR-22-3p, miR-9-5p, miR-218-5p) into an htRNAleu/pre-miR-34a carrier. The
resulting sequences were then inserted into the pBSMrna vector. The individual
plasmids were confirmed by DNA sequencing analysis. The recombinant miRNAs
were expressed in the E. coli, and the total bacterial RNAs were isolated by phenol
extraction and visualized by urea-PAGE. Subsequently, the recombinant miRNAs
were purified using fast protein liquid chromatography (FPLC) with anion exchange.
The purity of the miRNAs was validated by urea-PAGE and quantified by
high-performance liquid chromatography (HPLC). Human NSCLC cells were
transfected with these recombinant hBERAs using Lipofectamine 3000. Selective
RT-gPCR analyses were conducted to verify the targeted release of the miRNAs from
the hBERAs in human NSCLC cells. A significant increase in miR-22-3p, miR-9-5p,
and miR-218-5p was observed in cells treated with the corresponding
hBERA/mMIiRNA. Additionally, it was demonstrated that recombinant miR-22-3p,
miR-9-5p, and miR-218-5p regulate key folate metabolic enzymes, inhibiting their
metabolism and altering the amino acid metabolome in NSCLC cells. The authors
highlight the relevance of the antifolate action of these oncolytic miRNAs,
emphasizing the importance of folate metabolism as a crucial pathway in NSCLC
cells, and providing perspectives for the development of new therapies against
NSCLC.

Recently, in the study by Traber et al. (2024), an innovative RNA
bioengineering (BioRNA) platform technology, also known as bioengineered or
biologic RNA agents (BERAs), was developed to enable in vivo production of
BioRNA/miRNA agents through fermentation using stable glycyl and leucyl
htRNA/hsa-premiR-34a carriers. The BioRNAGIly/miRNAs and BioRNALeu/miRNAs
were cloned into the pBSKrna vector and verified by DNA sequencing. Subsequently,
these plasmids were transformed into competent E. coli. The overexpression of 26

BioRNAGIy variants and 22 BioRNALeu variants was confirmed by urea-PAGE
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analysis, with a 100 % success rate, each representing >40 % of the total RNA
based on band density. The BioRNAs were purified by FPLC with a purity exceeding
97 %. After synthesizing these BioRNA/miRNAs in the bacteria and subsequent
purification, their antiproliferative effects and ability to regulate MRP1 and VDAC1
proteins in NSCLC cells were evaluated. In NSCLC cell viability assays, both
BioRNAGIy and BioRNALeu at 15 nM showed variable reductions in cell viability, with
comparable results. Additionally, miR-7-5p demonstrated similar antiproliferative
activities in both BioRNAGIly and BioRNALeu carriers, evaluated in the A549 and
H1975 NSCLC cell lines. To investigate the selective processing of miR-7-5p
(BioRNAGIy/miR-7-5p or BioRNALeu/miR-7-5p) in NSCLC cells, selective RT-qPCR
was used, showing significantly higher levels of mature miR-7-5p with
BioRNAGIy/miR-7-5p compared to BioRNALeu/miR-7-5p. The Western blot analysis
revealed that BioRNAGIy/miR-7-5p downregulates the expression of several proteins
in NSCLC cells, decreasing EGFR by 68 % and 76 %, MRP1 by 73 % and 75 %, and
VDAC1 by 72 % and 82 % in the A549 and H1975 cell lines, respectively. This article
addresses the applications of RNA biotechnology using tRNA/pre-miRNA carriers as

a promising strategy for the treatment of NSCLC.

3.3. Purple marine bacteria as an efficient platform for the heterologous

production of miRNAs

Three species of bacteria have been employed for miRNA expression, all three
belonging to the Gram-negative group. These species are: E. coli, S. typhimurium

and R. sulfidophilum, as shown in Table 2.

E. coli is a well-known bacterium in the scientific community due to its importance in
molecular biology research and biotechnology applications. The existence,
maintenance, and propagation of E. coli strains of biotechnological and commercial
interest are crucial for the advancement of the biotechnological industry. Out of the
fifteen studies analyzed, eleven used E. coli bacteria to express ncRNA molecules.
Among the existing strains, we found that HST08, TOP10, DH5aa, BL21(DE3), and
HT115 (DE3) were used for the production of miRNAs.

To the best of our knowledge, the HSTO8 strain was initially used for miRNA

production through heterologous expression (Li et al., 2014). Furthermore, since
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Wang et al. (2015) found higher levels of recombinant ncRNAs in HST08 compared
to other strains such as BL21, DH5qa, and TOP10, subsequent research has focused
on using this strain, leading to the production of a variety of miRNAs (Li et al., 2015;
Chen et al., 2015; Ho et al., 2018; Petrek et al., 2019; Yi et al., 2020; Li et al., 2021;
Chen et al., 2023; Traber et al., 2024). The mechanisms underlying this improvement
are still unknown; however, the enhanced expression of recombinant ncRNA in the
HSTO8 strain could be related to the lack of gene clusters in HSTO8 cells for
digesting methylated DNA or a reduced capacity to polyadenylate ncRNA for
degradation (Wang et al., 2015). Therefore, the HSTO8 strain, with its smaller
genome size, could facilitate mutation screening, making it a more efficient host for

producing recombinant proteins and various types of miRNAs.

The DH10p strain (also known as TOP10) was used in two studies for miRNAs
production by Wang et al. (2015) and Ho et al. (2018). As mentioned, the TOP10
strain is considered inferior to HST08 (Wang et al., 2015); however, Ho et al. (2018),
through a modification with tRNA/pre-miR-34a-G138U/139AG, did not find such
differences between the two strains. The DH10B strain belongs to the K-12 type,
significantly differing from the B strain family. This strain is often used because it
allows stable replication and a high number of plasmid copies, making it suitable for
plasmid production (Taylor et al., 2017). It is known that DH10B requires leucine for
growth due to the loss of the leuLABCD operon. DH10B also contains two alleles
(relA1 and spoT1) that cause sensitivity to nutrient changes and slower growth rates
compared to wild-type E. coli (Durfee et al., 2008). On the other hand, the DH5a
strain was also used to produce miRNA (Wang et al., 2015), where recombinant

miRNA production was not detectable in the gel after electrophoresis.

Furthermore, Wang et al. (2015) used another strain known as BL21(DE3).
This strain is commonly used for producing recombinant proteins, whose main
characteristic is to carry the T7 RNA polymerase gene, originating from a
bacteriophage, and is under the control of the lacUV5 promoter. This strategy
enables efficient expression of recombinant proteins using the T7 expression system
(Jeong et al.,, 2015). IPTG (Isopropyl B-D-1-thiogalactopyranoside), a structural
analog of lactose, is necessary in this case to induce the maximum expression of the

polymerase and thus express the cloned recombinant gene downstream of the
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promoter. Another interesting feature of the BL21(DE3) strain is the absence of outer
membrane proteases, which degrade proteins. Based on this feature, BL21(DE3) is
ideal for efficiently expressing sensitive molecules. Due to the absence of proteases,
what is expressed is not degraded, contributing to the processing of the molecules

produced (Jeong et al., 2015).

Cui et al. (2021) used the HT115(DE3) strain, which is noteworthy not only for
carrying the T7 RNA polymerase gene under the control of the lac promoter, as
BL21(DE3) competent cells do, but also for its capability to produce small RNAs. This
remarkable feature renders the HT115(DE3) strain particularly useful for experiments
involving double-stranded RNA (dsRNA; Papic¢ et al., 2018).

S. typhimurium is a facultative anaerobic bacterium that can grow under both
aerobic and anaerobic conditions, used in laboratory research as a model organism
to study bacterial pathogenesis and host-pathogen interactions. In the laboratory, it is
commonly grown using a variety of media, including nutrient agar, tryptic soybean
agar, and broth at temperatures ranging from 37 to 42 °C (Hapfelmeier and Hardt,
2005; Taskila et al., 2012). The two main strains of S. typhimurium used in
biotechnology are LT2 and SL1344. These strains have been extensively studied and
their genomes sequenced (Hoiseth and Stocker, 1981; Bullas and Ryu, 1983; Tsai et
al., 1989; Qi et al., 1996). The LT2 strain is commonly used as a reference strain for
studying the biology and pathogenesis of S. typhimurium, while SL1344 has been
used as a model for studying the interaction between Salmonella and host cells. Two
of the studies scrutinized in this review utilized strains of S. typhimurium for the
expression of miRNAs. Both studies were conducted by Yoon and collaborators, and
yet span distinct timeframes for experiment execution, article composition and article
writing (Yoon et al., 2011; Yoon et al., 2021), as well as different strains: SF586 and
BRD509. The SF586 strain has been shown to induce a robust immune response in
animal models, making it a promising candidate for the development of new
vaccines, having a well-characterized genome is known to possess several virulence
factors, including secretion systems type Il and fimbriae. SF586 was engineered to
express T7 RNA polymerase, which allows efficient expression of genes under the
control of the T7 promoter (Bullas and Ryu, 1983; Bang et al., 2000). The strain
BRD509, derived from S. typhimurium SL1344. It is characterized by having an aroA
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deletion and was introduced into S. typhimurium SL1344 by transduction with a P22
lysate prepared in C5 aroA554::Tn10 (Hoiseth and Stocker, 1981; Strugnell et al.,
1992). Among the characteristics of the BRD509 strain, its ability to survive in the
gastrointestinal tract of chickens, its absence of genes related to pathogenicity, its
resistance to antibiotics and its ability to reduce the colonization of pathogenic S.
typhimurium (Xu et al., 1995; Liang et al., 2019). Despite the interesting
characteristics for heterologous expression, this species has the disadvantage of
high biological risk and biosafety when used in large-scale cultivation, as this
bacterium is a common cause of foodborne illness in humans (Moffatt et al., 2016;
Galan, 2021).

R. sulfidophilum is a chemolithotrophic bacterium capable of using inorganic
sulfur compounds as an energy source. In the laboratory, it is typically grown in a
photobioreactor under anoxic conditions with light as an energy source. The medium
used for cultivation is often a minimal medium supplemented with thiosulfate, which
is a source of sulfur. The culture is typically grown at a temperature between 25 and
30 °C with constant agitation (Azad et al., 2001; Carlozzi and Touloupakis, 2021).
Large-scale cultivation of R. sulfidophilum can be achieved using a fermentation
process in a bioreactor. Parameters for large-scale cultivation such as temperature,
pH and agitation rate are optimized to achieve maximum growth and product yield.
The use of R. sulfidophilum in biotechnology applications such as wastewater
treatment and bioenergy production, highlights the importance of understanding the
cultivation requirements of this bacterium for laboratory and industrial scale
applications (Azad et al., 2001; Cai and Wang, 2013; Srisawat et al., 2022). The main
advantage of using R. sulfidophilum as a biofactory is its ability to secrete
heterologous nucleic acids during cell growth. Additionally, it does not secrete
RNases, thus maintaining the integrity and activity of the produced RNA (Kikuchi and
Umekage, 2018; Yu et al., 2020). The studies by Pereira et al., 2016, Pereira et al.,
2020 used the DSM 1374 strain, also known as the W4 strain (Hansen and
Veldkamp, 1973; Hiraishi and Ueda, 1994; Masuda et al., 2013). DSM 1374 has
several important characteristics for biotechnological and commercial applications, as
a source of bioenergy, carotenoid pigments, having applications in the food,
pharmaceutical and aquaculture industries (Maeda et al., 2006; Cai and Wang, 2013;
Srisawat et al., 2022).
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Bacterial strains have been extensively explored as carriers of heterologous
genomes for biotechnological applications, including the production of miRNAs.
These strains offer the ability to incorporate and maintain foreign genetic sequences
in their genome, enabling the expression of heterologous genes of interest (Shizuya
et al., 1992). This feature has proven valuable in the field of miRNA expression,
where bacterial strains are used as efficient hosts to produce these biological
molecules (Pereira et al., 2016; Cui et al., 2021). Among the strains used, purple
marine bacteria have shown promise due to their intrinsic characteristics, such as the
ability to perform complex post-translational modifications and tolerance to high cell
densities (Azad et al., 2001; Yu et al., 2020). However, other bacterial strains have
also been successfully explored for miRNA expression, offering different advantages
and flexibility for specific applications as we can see throughout this work. The use of
these bacterial strains as carriers of heterologous genomes opens doors for
significant advancements in miRNA production and other areas of biotechnology,

driving the development of innovative biological therapies and applications.

3.4. Efficient plasmids produce a high number of transformed colonies and

high product load

The efficiency of a plasmid can be measured in different ways, depending on
the application or purpose. Some common ways of measuring plasmid efficiency are
through transformation efficiency analyses, quantification of the expressed molecule

of interest and with reporter gene assays.

Transformation efficiency measures the ability of a plasmid to transform
bacterial cells. The number of colonies can be used to calculate transformation
efficiency, which is expressed as the number of transformants per microgram of
plasmid DNA. Using this technique Pereira et al. (2016) analyzed the incubation time
of bacteria with DNA, the plasmid DNA used in the transformation mixture, the
incubation temperature and the growth. After the experiment, it was observed that
the optimal conditions for the transformation of R. sulfidophilum are the use of 0.025

Mg of plasmid DNA, with a thermal shock of 2 min at 35 °C in cells in the middle
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phase of culture (OD = 0.4). So, a high transformation efficiency was observed with

1.9 x 10* transformers/ug plasmid.

If the plasmid is designed for the expression of molecules its efficiency can be
measured by determining the amount of the molecule produced. This can be done
using techniques such as Western blotting, ELISA, mass spectrometry, urea-PAGE
or gPCR.

The urea-polyacrylamide gel electrophoresis (urea-PAGE) has been used to
assess the expression of recombinant ncRNAs. Initially, total RNAs are isolated using
the Tris-HCI saturated phenol extraction method and then quantified with a
spectrophotometer. Subsequently, total RNAs are analyzed using denaturing
urea-polyacrylamide gel electrophoresis. Typically, 0.1—1 ug of total RNA per lane is
loaded for urea-PAGE analysis. To visualize under a UV detector using the Imaging
System, urea-PAGE gels are incubated with ethidium bromide (0.5 pg/mL) for 5 min
on a shaker. Afterwards, images are analyzed and used to estimate the relative
levels of recombinant ncRNAs present in the total RNAs (Li et al., 2014; Li et al.,
2015; Wang et al., 2015; Chen et al., 2015; Ho et al., 2018; Petrek et al., 2019; Yi et
al., 2020; Li et al., 2021; Chen et al., 2023; Traber et al., 2024).

Thus, urea-PAGE has been used to verify the production of a single miRNA,
as, for example, Li et al. (2014) achieved good purity (0.85 %; based on gel
electrophoresis) and a reasonable yield, approximately 2 % of recombinant
ncRNA/total RNA or 2-3 mg of ncRNAs from 1 L of bacterial culture for
tRNA/mir-1291-123 nt and tRNA/MSA. Li et al. (2015) showed that the maximum
production of pre-miR-1291 was 2—-3 mg/L of bacterial culture. Meanwhile, Wang et
al. (2015) demonstrated consistent and efficient expression of tRNA/mir-34a
biological agents, and the highest accumulation levels were found 9-14 h
post-transformation. On the other hand, Yi et al. (2020) confirmed the success of
high-level heterologous expression of the target molecule hBERA/mMiR-328 by the
appearance of a new and strong band of the expected size in transformed bacteria.
Moreover, urea-PAGE has also been used to verify the production of a large number
of miRNAs as reported by Chen et al. (2015), Ho et al. (2018), Petrek et al. (2019), Li
et al. (2021), Chen et al. (2023), and Traber et al. (2024). The total number of

miRNAs found can be seen in Table 2.
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The amount of pre-miR-29b produced by Pereira et al. (2016) was measured
through reverse transcription-quantitative real-time polymerase chain reaction
(RT-gPCR). The calibration curve to determine the pre-miR-29b concentration was
constructed by serial dilutions of the synthetic pre-miR-29b sample. A total yield of
358 pg/L of pre-miR-29b was observed inside the cells during 32 h cultivation, and
the maximum extracellular production achieved was approximately 182 ug/L of

culture.

If the plasmid contains a reporter gene, its efficiency can be measured by
quantifying the expression of the reporter gene in cells transfected with the plasmid.
This can be done by using techniques such as flow cytometry, luminescence assays

or colorimetric assays.

Yoon et al. (2011) observed through fluorescence microscopy that after 48 h of
transfection, GFP expression was occurring, followed by miRNA expression in the
cell. To assess mIRCCL22 expression in bacteria, green fluorescent proteins were
also observed in ST-miRCCL22 and ST-miRCV by Western blot analysis. GFP was
observed in ST-miRCCL22 and ST-miRCV but was not observed in the control group.

3.5. Good miRNA expression plasmids contain multiple cloning sites and a Ipp

promoter

Plasmids are circular double-stranded DNA molecules found naturally in many
bacteria and some species of fungi. They carry non-essential genes that provide a
selective advantage to the host organism, such as resistance to antibiotics or the
ability to degrade unusual compounds. Moreover, they can be easily manipulated in
the laboratory, making them useful tools for molecular biology in the expression of
genes and proteins of interest in host cells, and genetic engineering, as vectors for
the transfer of genetic material between different organisms (Mentel et al., 2006;
Monzani et al., 2022).

There are several types of plasmids, which can be classified based on their
origin of replication, size, number of copies, selection markers and gene expression

systems (Couturier et al., 1988). Cloning vectors are designed to take fragments of
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foreign DNA and replicate them in host cells, usually having sites for easy insertion of
DNA molecules. Expression vectors are designed to express the cloned gene of
interest, as recombinant proteins. It contains regulatory elements, which allow the

controlled expression of the gene of interest (Carnes and Williams, 2007).

The design of an effective miRNA expression plasmid involves the inclusion of
key components that facilitate efficient gene expression (Tortora et al., 2016). These
components include: The origin of replication, promoters, multiple cloning site (MCS),
selection marker, and enhancers. The origin of replication (ori or rep) is a sequence
that allows the plasmid to replicate independently within the host cell. Promoters are
DNA sequences located upstream of the gene sequence that guide RNA polymerase
to initiate transcription. The MCS or polylinker is represented by some elements that
allow the insertion of the gene of interest into the plasmid. Additionally, this versatile
feature allows for easy manipulation and customization of the plasmid. The selection
marker component enables the selection of cells that contain the inserted plasmid
after transformation, as they contain antibiotic resistance or fluorescence genes.
Enhancers are DNA sequences that increase the transcriptional activity of a
promoter, thereby enhancing the expression of the gene of interest. Regulatory
elements can be arranged in various combinations and configurations to generate

plasmids optimized for specific gene expression applications (Xu et al., 2001).

Analyzing the studies selected for this review, we can observe a variety of
plasmids used for the expression of miRNAs, either in its pre-miRNA or mature form.
Thus, for the production of miRNAs, plasmids such as pBSMrnaSeph, pBSTNAYV,
LITMUS 38i, and pBSKrna have been used in the bacteria E. coli. In the bacteria S.
typhimurium, plasmids such as miRNACCL22 and pcDNAG6 were used, and in R.
sulfidophilum, it was pBHSR1-RM, as shown in Table 2.

Yoon et al. (2011), using the MultiSite Gateway™ recombination system,
cloned the gene for the pre-miRNA target of the regulatory chemokine CCL22 in the
expression vector pcDNA™ 6.2-GW/EmGFP-mIR, resulting on the plasmid named
miRCCL22. Although the pcDNA™ 6.2-GW/EmGFP-miR vector is recommended for
use in eukaryotes, it was possible to observe that this expression system works in E.
coli and S. typhimurium, two prokaryotes (Goussard et al., 2004). Thus, this is due to

the presence of a eukaryotic DNA fragment flanking the EmGFP-miR region of the
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vector, the cytomegalovirus (CMV) promoter, and pUC origin for selection and
maintenance in E. coli (Yoon et al., 2011). Species of facultative intracellular
pathogens, such as those used by Yoon et al., 2011, can live and reproduce both
inside and outside host cells, already possessing a machinery for interaction with
eukaryotic cells (Goussard et al., 2004; Fajac et al., 2004).

Ho et al. (2018), Petrek et al. (2019), and Li et al. (2021) used the pBSTNAV
plasmid for the production of a large number of miRNAs through the BERAMet,
CO-BERALeu/ser, and hBERASer/Leu/Lys/Cys/GIn/Tyr platforms, respectively.
Regarding the studies by Ho et al. (2018), for plasmid expression in bacteria, the
NcRNAs of interest were cloned into the target vector, where the miR-34a duplex was
replaced by the target RNAs (e.g., miRNA, siRNA, or antisense RNA, RNA aptamers,
etc.) of interest, with the insertion of the target ncRNA sequences achieved by PCR
amplification using primers. Petrek et al. (2019) created the CO-BERA by replacing
the miR-34a duplexes with specific miRNA or siRNA sequences (miR-34a, miR-124,
let-7c, anti-miR-21, or NRF2-siRNA), which were then inserted into the vector. Li et
al. (2021) constructed ncRNA expression plasmids by inserting human
tRNASer/Leu/Lys/Cys/GIn/Tyr sequences and miRNAs into the pBSTNAV vector.
These were then expressed in bacteria, resulting in the successful expression of
various types of miRNAs with different htRNAs (htRNASer/Leu/Lys/Cys/GIn). The
pBSTNAV plasmid is driven by a strong lipoprotein (Ipp) gene promoter, terminated
with a transcription terminator from the ribosomal RNA operon rrnC (rrnC), and
selected with the ampicillin resistance (AmpR) gene (Meinnel et al., 1988a, Meinnel
et al., 1988b; Ponchon et al., 2009; Tu et al., 2021).

Currently, the use of the pBSKrna vector has been reported by Traber et al.
(2024). The BioRNALeu and BioRNAGIy inserts were produced by PCR amplification
using the respective BioRNALeu/miRNA and BioRNAGIy/miRNA plasmids as
templates and specific primers for htRNALeu and htRNAGIy, and were cloned into
the linearized pBSKrna vector. As a result, the formed plasmids were named
pBSK/BioRNA. After fermentation in the bacteria, the researchers produced several
types of miRNAs (22 BioRNALeu and 26 BioRNAGIy). Like the pBSMrnaSeph and
pBSTNAV vectors, the pBSKrna vector is composed of a lipoprotein (Ipp) promoter
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and a terminator from the ribosomal RNA operon rrnC (rrnC). However, the gene

encoding antibiotic resistance and selection is p-lactamase (bla) (Traber et al., 2024).

Pereira et al. (2016) cloned DNA fragments corresponding to pre-miR-29b into
the vector pBHSR1-RM, resulting in the plasmid pBHSR1-RM-pre-miR-29b. Later, in
2020, Pereira et al. conducted a study aiming to express the pre-miRNA. For this
purpose, they replicated the sequence related to human pre-miR-29b. The amplicons
were cloned into the plasmid pBHSR1-RM, which was subsequently used for
transformation of R. sulfidophilum. The pBHSR1-RM vector contains the rrn promoter
region, the streptavidin RNA aptamer sequence with ribozyme sequences flanking
the pre-miRNA target, and the puf terminator region and kanamycin resistance
region. The mutant rrn promoter may be favorable for the extracellular production of
aptamer RNA, in principle the =35 mutation may increase the affinity of the RNA
polymerase o factor (Suzuki et al., 2011). Moreover, to improve RNA expression in R.
sulfidophilum, the plasmid pBHR1 was modified. The modifications to the plasmid
include the insertion of an enhanced promoter sequence (promoter region
pCF-rpAM1) and mRNA stabilization elements (structural gene of the RNA aptamer
phSR1) (Suzuki et al., 2011).

Seeking for the expression of mature miRNAs in E. coli, Cui et al. (2021)
cloned the sequence corresponding to the mature miR-34 of a crustacean in the
plasmid LITMUS 38i. Designed to perform efficient transcription of double-stranded
RNA, the LITMUS 38i plasmid contains the pUC19 origin of replication, an ampicillin
selectable marker, an M13 origin of replication, and T7 promoters flanking the
multiple cloning sites. The plasmid lacks the MultiSite Gateway™ Recombination
System. Because it has a lacZa gene, the expression of the heterologous molecule
was induced by IPTG.

For the construction of expression plasmid sequences, Yoon et al. (2021)
designed in silico two single-stranded DNA oligonucleotides complementary to
pre-miRNAs targeting the gene encoding inhibin alpha subunit (INHA). To increase
the efficiency of miRNA expression in melanoma cancer cells, two single-stranded
oligos were annealed and cloned into a pcDNATM6.2-GW/miR vector, in which the
CMV promoter was replaced by the Salmonella-operated T7 promoter. After those

modifications, the plasmid was named pcDNAG-emi-INHA.
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The success in the performance of heterologous expression of miRNAs in
bacteria is due to a wide variety of factors, where the interaction between vector
properties/sequences, along with the bacterial environment in which they are
expressed, plays a significant role. Thus, the properties or sequences of a
plasmid—replication origin, promoters, MCS, selection marker, and enhancers—can
be major factors; additionally, we believe that the vector promoter may have greater
relevance for miRNAs overexpression. Namely, the promoter is the key component of
an expression system due to its role in the overall strength of the expression of the
miRNA of interest. In this context, the vector's performance in inducing miRNA
expression would be enhanced with a promoter that favors overexpression (Kaur et
al., 2018).

Among the vectors examined in this review, four different promoters have been
identified for miRNA production. Although a comparative study of various plasmids
with different promoters to evaluate miRNA production performance was not
conducted, it can be stated that vectors utilizing CMV, T7, Ipp, and rrn promoters
have shown potential for successful miRNA production. Specifically, the Ipp promoter
has stood out for its high-level expression, making it particularly favored for
producing a wide range of miRNAs (Ho et al., 2018; Petrek et al., 2019; Li et al.,
2021; Traber et al., 2024).

On the other hand, to enhance the yield in miRNAs production, the platform of
tRNA fused with pre-miR-34a (BERAs or BioRNAs) has been modified. These
modifications include strategies such as altering bases or adding specific sequences
such as tRNALeu, Gly, Ser, etc., optimal non-coding RNA scaffold (OnRS),
modification at G138U/139AG, Sephadex aptamer (MSA), and combinatorial BERAs
(CO-BERAs). Consequently, significant improvements have been achieved, resulting
in consistent high-level expression of chimeric miRNAs (Chen et al., 2015; Ho et al.,
2018; Petrek et al., 2019; Traber et al., 2024).

4. Conclusion

Upon the completion of all the research in the present systematic review, our

standpoint is that the most efficient microorganism for the heterologous production of
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mMiRNAs of commercial interest seems to be the marine bacterium R. sulfidophilum
(DSM 1374). It can be chosen due to its characteristics such as secretion of
heterologous nucleic acids and the non-secretion of RNases during its cultivation
(Suzuki et al., 2009). In addition, it can be cited the simple culture medium, needing
for basic inorganic nutrients only; the capacity to perform facultative photosynthesis;
and to be allowed for being cultivated in salt water (Suzuki et al., 2010;
Higuchi-Takeuchi and Numata, 2019). Compared to conventional microorganisms (E.
coli, S. typhimurium, etc.) which produce heterologous proteins, R. sulfidophilum is
not pathogenic, and from its cultivation characteristics it opens a range of possibilities
for the application of its biomass after - miIRNA expression in biorefineries,

aquaculture and bioenergy (Higuchi-Takeuchi and Numata, 2019).

Also, another interesting bacterium as a potential microorganism for miRNAs
production that we can mention is E. coli. Even being a pathogenic strain in its wild
strain (Kaper et al., 2004; Mayer et al., 2023), most E. coli strains are harmless, and
highly used in laboratory studies and biotechnology companies, with large-scale
production (Nuge et al., 2023). In addition, this species has its DNA fully mapped.
Even with new strains mutating naturally from the interaction of genes with each
other and with the environment, periodic monitoring is carried out to get a sense of

these modifications (Rousset et al., 2021).

Among the expression plasmids analyzed in this review, we believe that the
most suitable ones for expressing miRNAs in E. coli bacteria are those containing
multiple cloning sites for the insertion of heterologous genes and an Ipp promoter.
This choice is due to their robust expression cassette, capable of producing a wide
variety of different types of miRNAs. However, when the chosen is R. sulfidophilum,
the best plasmid seems to be the pPBHSR1-RM, is a plasmid derived from the pBHR1
plasmid that was modified to improve the expression of RNAs in R. sulfidophilum.
The modifications included the insertion of an enhanced promoter sequence
(pCF-rpAM1 promoter region) and mRNA stabilization elements (phSR1 RNA

aptamer structural gene) into the plasmid (Suzuki et al., 2011).

Plasmids containing the Ipp promoter seem to be the best choice according to
the works analyzed for the expression of miRNAs in bacteria. The promoter has

several characteristics that make it an attractive choice for performing gene
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expression, and one of the main is the capacity to transcript cloned genes into
messenger RNA from complementary DNA. This feature can be useful for gene
expression studies and for producing RNA for applications in biotechnology. In the
context of expression of miRNAs in bacteria, some additional resources must be
considered in the construction of expression plasmids. Because miRNAs are small,

stable molecules, precise cleavage of miRNA precursors (pre-miRNAs) is essential.

Overall, the design of a miRNA expression plasmid is critical for the efficient
expression and processing of the miRNA molecule in cells. Advances in plasmid
design and genetic engineering techniques have enabled the development of more
efficient and specific miRNA expression plasmids, which have greatly contributed to

the study of miRNA function and therapeutic applications.
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Table 1
Search terms.

PubMed, Web of Science
e Scopus

ASearch combination:

#1 (“microRNA” OR “miRNA™)

#2 (“heterologous expression” OR “recombinant RNA”
OR “bioengineered microRNA™ OR “recombinant DNA”
OR “expression system” OR plasmid)

#3 (bacteria)

#1 AND #2 AND #3
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Table 2
Overview of studies included in the systematic review.

Author Year Species Plasmid used Expressed miRNA Target
Yoon 2011 S. typhimurium miRNACCL22 miRNA CCL22 Chemokine (C—C motif) ligand 22 (CCL22)
etal.
Lietal 2014  E. coli pBSMrmaSeph/tRNA/ miR-27b and hsa-mir-27b Cytochrome P450 3A4 (CYP3A4) in human
miR-27b carcinoma cells L5-180
Lietal 2015  E. coli pBSMrmaSeph/ pre-miR-1291 and tRNA/miR-1291 ABCC1, FOXA2, and MeCP2
tRNA/pre-miR-1291
Wang 2015 E coli pBSMrmaSeph/(RNA/  tRNA/miR-34a CDK6, MET and SIRT1
et al. pre-miR-34a
Chen 2015 E coli pBSMmaSeph/tRNA/  tRNA/Let-7a, tRNA/mir-1291, tRNA/mir-221, tRNA/mir- OnRS/miR-124: STAT3
etal. miRNA 155, tRNA/mir-125-2, tRNA/mir-125-1, tRNA/mir-124-2,
pBSMrnaSeph/OnRS/  tRNA/mir-124-1, tRNA/mir-122, tRNA/mir-34a, tRNA/mir-
miRNA 27b and OnRS/miR-124
Pereira 2016 R sulfidophilum  pBHSRI-RM-pre- pre-miR-29b Regulatory pathways in neurodegenerative
et al. miR-29b diseases and exhibits tumor suppressor and
immunomodulatory properties
Ho etal 2018  E. coli PBSTNAV/BERAM 33 ncRNAs were successfully expressed (miR- 27a-3p, miR- miR-34a-5p: ¢MET and CDK6
27b-3p, miR-892b-3p, miR-451a-5p, ApoB-siRNA, anti-miR-  miR-124-3p: STAT3 and ABCC4
126-3p, ICAM]-siRNA, miR-295-5p, miR-519¢c-5p, miR-122-
5p, Nrf2-siRNA, miR-126-3p, miR-144-5p, ARV7-siRNA,
GFP-siRNA, let-7c-5p, miR-127-3p, miR-34a-5p, miR-124-3p,
miR-328-3p, anti-miR-451b-5p, MAS, anti-miR-21- 5p-3,
miR-33a-5p, anti-miR-21- 5p-2, anti-miR-122-5p, scrm-5,
scrm-4, scrm-3, anti-miR-21-5p, miR-34a/TPA3’ + TPAS',
miR-888/pegapta nib3" and miR-34a/EpCAM)
2 miRNAs were purified (nCARMet/miR-34a-5p and
nCARMet/miR-124-3p)
Petrek 2019  E. coli PBSTNAV/CO- htRNAY"/miR-34a/miR-124, htRNA*"/miR-124/miR-34a, Anti-proliferative against several human NSCLC
etal BERA!=Y/=r htRNA""/let-7c/miR-124, htRNA""/let-7c/miR-34a, cell lines

Pereira 2020 R sulfidophilum  pBHSR1-RM-pre-
etal miR-29b

Yietal 2020 E. coli Unspecified vector/
hBERA®*

Cui et al. 2021 E. coli LITMUS 38i

Lietal. 2021  E. coli PBSTNAV/hBERA®

Leu/Lys/Cys/Gln/Tyr

Yoon 2021  S. typhimurium pcDNAG-emi-INHA
et al.

Chen 2023 E coli pBSMrna/hBERA™"
et al.

Traber 2024  E. coli pBSKrna/BioRNAY
et al. Gly

htRNA®*/miR-124/miR-34a, htRNA™/let-7c/miR-124,
htRNA%/let-7c/miR-34a, htRNA%Y/miR-34a/anti-miR-21,
htRNA""/NRF2-siRNA/miR-34a and htRNA™ /NRF2-
siRNA/miR-34a

pre-miR-29b

hBERA®*"/miR-328-3p

shrimp miR-34

htRN A/ Lee/Ly=/Cr=/Gln  )ip. 344 5p, 20 ncRNAs with
htRNA®**/hsa-pre-miR-34a (miR-124-3p, let-7c-5p, NRF2-
siRNA, miR-200b-3p, miR-148-3p, miR-22-3p, miR-6775-3p,
miR-133a-3p, miR-122-5p, miR-328-3p, miR-7-1-5p, miR-
92a-3p, miR-126-3p, miR-132-3p, miR-137-3p, miR-140-5p,
miR-141-3p, miR-142-3p, miR-194-3p and miR-205-5p) and
9 ncRNAs with htRNA™Y/hsa-pre-miR-34a (BCL2-siRNA,
NRF2-siRNA, AGR2-siRNA, miR-124-3p, let-7¢c-5p, miR-328-
3p, miR-200b-3p, miR-22-3p and miR-148-3p)

mi-INHA

hBERA“" (miR-22-3p, miR-9-5p and miR-218-5p)

22 BioRNA™" and 26 BioRNA®Y (miR-143-3p, miR-206-3p,
miR-375-3p, miR-497-5p, miR-125b-5p, let-7a-5p, let-7b-5p,
let-7c-5p, let-7d-5p, let-7e-5p, let-7f-5p, let-7 g-5p, miR-101-
3p, miR-195-5p, miR-370-3p, miR-495-3p, miR-519a-5p,
miR-29a-3p, miR-99-5p, miR-100-5p, miR-146a-5p, miR-
146b-5p, miR-126b-3p, miR-133a-3p, miR-200b-3p and miR-
7-5p)

BACE1
SLC7A5, LAT1, SLC2A] and GLUT1

Viral genes in shrimp (wsv330 and wsv359) and
carcinogenic genes (CCNDI1, CDK6, CCNE2,
E2F3, FOSL1 and MET)

miR-34a (BCL2, SIRT1, and e-MET) and miR-124
(VAMP3, MCT1, and STAT3)

Gene INHA (inhibin alpha subunit)

Metabolic folate enzymes (SHMT1, MTHFR,
MTHFD2 and MTHFDI1L)

Alteration in the transfer of one carbon from
serine to the folate cycle, glucose uptake and
regulate serine biosynthesis

Except for miR-125b-5p, all the BioRNAs inhibit
the proliferation of human NSCLC cells
miR-7-5p: EGFR, MRP] and VDACI
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4.2 Patente de Invengao 1

INSTITUTO 870230052311

1. P ... tencas e
INDUSTRIAL (L e

29409162305558950

Pedido nacional de Invengao, Modelo de Utilidade, Certificado de
Adicao de Invencgao e entrada na fase nacional do PCT

Ndmero do Processo: BR 10 2023 012168 3

Figura 4 - Principais informacgdes referentes ao depdsito da patente.

Titulo: “Suplemento alimentar contendo miRNAs para o aumento a toleréncia de
peixes em baixas temperaturas”

Resumo

A presente invengdo abrange as areas da biotecnologia animal, nutrigendmica e
piscicultura. Visa apresentar o processo de produ¢ado de um suplemento alimentar
contendo miRNAs e antagomiR artificiais capazes de modular as defesas
antioxidantes e o nivel de glicose, contribuindo para uma melhor tolerédncia de
teledsteos ao frio, logo reducdo com as percas na produgdo. O método inclui o
desenho e confecgcdo de uma construgcao de DNA sintético recombinante contendo
sequéncia suficiente e necessaria para a sintese das moléculas maduras, seguido
da transformacao de cepa procariota para producdo em pequena, média ou larga
escala dos miRNA e antagomiR de interesses. ApOs a inativagdo térmica da
biomassa microbiana, é realizado o processo de mistura da ragdo com um adesivo
graxo para peixes, finalizando o processo com a secagem do material, para posterior
armazenamento adequado, comercializagao e utilizagado na piscicultura. A aplicagao
de um suplemento alimentar contendo miRNAs artificiais caracteriza-se por
apresentar uma solugéo biotecnoldgica frente a problematica da produgéo de peixes
em periodos e regides geograficas de baixa temperatura, diferenciando-se de outros
meétodos por ser de administragao oral e sazonal, caracteristica que corrobora sua
producgao e aplicagao comercial.

Palavras-chave associadas: miRNA; racao; Teledsteo; O. niloticus; sobrevivéncia
ao frio;
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Busca de anterioridade

Tabela 3 - Apresentacdo do numero de patentes observados em diversos bancos mundiais
protecao industrial, a partir de diferentes termos de busca.

INPI ~ WIPO USPTO Google Patents Espacenet Portal Capes
Suplemento

: 146 342  152.712 14.691 230.917 1.273
alimentar

Racao 912 21.306 148.247 24.026 301.542 20.549
miRNA 24 1286  45.781 248.248 38.868 152.227
Expressao 45 5980 200.845 7.645 147.726 33
Heterologa

Suplemento

alimentar; 0 119 4.896 206 2.456 0
miRNA

e 6 2282  10.221 2.311 10.624 788
peixe

miRNA; fio 0 116  26.908 8.153 17.926 4
Expresséo

Heterdloga; 0 183  16.177 807 10.880 0
miRNA

Suplemento

alimentar;

MIRNA: 0 92 65 146 1.342 0
E. coli

Racao;

peixe; 0 16 530 61 292 0
miRNA

L 0 0 7 106 0
Tilapia

Expressao

REIERBER 33 469 5.878 0

miRNA;
E. coli

Campo da invengao

A presente invencgéo refere-se a um suplemento alimentar contendo miRNAs
artificiais. Particularmente ao método de producdo do suplemento, envolvendo a
expressdo de miRNAs artificiais de interesse em sistema procariético e o processo
de preparo da ragao suplementada com os miRNAs.

A ideia propde uma solugao biotecnoldgica frente a redugao da produgao de
peixes em periodos e regides geograficas de baixa temperatura, que acarreta
maiores investimentos em alimentacdo, vacinacdo, aumento da mortalidade e
reducdo do tamanho e taxa de crescimento dos peixes. Logo, a invengao de um
suplemento alimentar apresentado aqui trata de um produto inovador e com
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potencial de transferéncia para empresas de piscicultura e relacionadas a solucdes
em agropecuaria.

Fundamentos da invengao

Da importancia da aquicultura

A aquicultura € uma das atividades mais antigas e importantes, sendo a
producdo de organismos aquaticos documentada desde o tempo imperial chinés,
gerando proteina (animal, alga) para consumo alimentar, além de outros produtos de
valor agregado, como substancias emulsificantes e couro. Com o aumento das
demandas de proteina animal para consumo, o cultivo de peixes foi sendo
modernizado e ampliado, além do cultivo em tanques de terra, a utilizagdo de
tanques-rede demonstraram reducao da oferta de racao sem afetar a producéo do
pescado. Segundo a FAO (Food and Agriculture Organization) a aquicultura é
responsavel por 52% do pescado consumido, demonstrando assim a importancia
deste segmento na alimentagdo humana. Observando os dados dos ultimos trés
anos podemos constatar o importante crescimento da piscicultura brasileira, sendo
em 2019 produzido um total de 799.560 toneladas de peixe (14,9%), em 2020 cerca
de 802.930 toneladas (15.93%) e em 2021 atingiu 841.005 toneladas, com receita de
cerca de R$8 bilhdes e crescimento de 4,7%.

Dentre as espécies de peixes produzidas destaca-se a Tilapia-do-nilo
(Oreochromis niloticus), peixe de agua doce que representa cerca de 60,6% da
producdo de peixes produzidos no Brasil, cerca de 486.155 toneladas no ano de
2020, segundo dados do “Anuario Peixe BR da Piscicultura”, demonstrando assim a
importancia deste setor produtivo. Nos primeiros nove meses de 2021, as
exportagcbes da piscicultura brasileira alcangaram aproximadamente US $12,8
milhdes, representando um aumento de 48,3% em relagdo ao mesmo periodo do
ano anterior. Os principais paises importadores sdo os Estados Unidos, China,
Colémbia, Peru e Chile. O México é o segundo maior mercado internacional de
produtos de tilapia, e as 228.000 toneladas equivalentes de peso vivo de sua
importacédo de tilapia em 2018 foi superior a sua produ¢do doméstica. No Brasil o
principal produtor da regido Sul do pais € o estado do Parana, na regiao Sudeste, os
estados de S&o Paulo e Minas Gerais, e na regidao Nordeste, o Ceara, Bahia e
Pernambuco, havendo nestes estados grandes celeiros de produgao.

Dos fatores ambientais atrelados a produtividade

Fatores ambientais como salinidade e temperatura, ligadas aos periodos
sazonais de cada regido, sdo atualmente grandes limitantes da piscicultura,
principalmente de espécies que estdo fora de sua faixa de tolerancia ideal. Os
animais ficam mais susceptiveis a infecgdes microbianas, enfraquecimento do
sistema imunoldgico e pressdo homeostatica, levando ao aumento da mortalidade
ou condigdes subletais.
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A tilapia é considerada um animal pecilotérmico, oriundo de regides tropicais e
subtropicais de aguas quentes (26°C e 28°C) e sua reprodugao esta diretamente
ligada a temperatura (x24°C). Quando abaixo de 20°C o animal passa a um estagio
de estresse, ja demonstrando redu¢do da movimentacédo e de habitos alimentares e
indo a obito em temperaturas entre 11 e 17°C, acarretando maiores custos e perdas
de producado em periodos mais frios (inverno), em regides mais distantes da linha do
equador. Apos o cultivo de tilapias em diferentes periodos (verdo/inverno) foi
observado uma reducao de +20% no peso médio dos animais durante o inverno,
enquanto os peixes cultivados no verdo apresentam melhores desempenhos (média
de 460,40 g).

Mudancas bruscas de temperatura geram varias respostas oxidativas, frente a
adaptacao celular a nova condigao os organismos desenvolveram mecanismos de
defesa antioxidantes. Para se adaptar a nova condicdo ambiental de frio e manter as
funcdes fisioldgicas, os peixes aumentam os niveis de insaturagao de acidos graxos
dos fosfolipidios que compdem suas membranas celulares, adaptacao
homeoviscosa. Periodos sazonais requerem todo um tratamento mais acurado no
cultivo de peixes, seja com o manejo alimentar ou fornecimento de antibiéticos para
prevengcao e tratamento de patologias associadas. Tratando-se de adaptacdes
sazonais em regides subtropicais, o inverno (baixa da temperatura) é responsavel
por grandes perdas econémicas na regiao sul do Brasil, assim como em paises que
apresentam um inverno mais rigoroso, regides de clima temperado e subtropical,
logo, é de grande importancia a utilizagdo e desenvolvimento de técnicas e produtos
eficazes na adaptagdo e manutengao da produtividade de organismos oriundos da
aquicultura em periodos frios.

Da suplementacao alimentar

A qualidade da alimentagdo fornecida é significativamente importante no
cultivo de qualquer organismo, favorecendo a manutencéo do seu desenvolvimento
(crescimento, reprodugao), e reduzindo efeitos metabdlicos indesejaveis e infecgdes.
A alimentacdo é responsavel por grande parte dos gastos da produgdo em
aquicultura, sendo fornecida em quantidades e concentragdes pré-estabelecidas, ela
mantém as taxas corporais em condicdes menos estressantes e contribui
diretamente no incremento muscular da carcaga dos animais. Nutricionalmente
falando, as tilapias necessitam de taxas especificas de lipideos (10-15%), proteinas
(>40%), assim como carboidratos, sais minerais e vitaminas.

Durante adaptagdes a condi¢cdes de baixas temperaturas as tilapias requerem
a adicao de suplementos a ragao, como vitaminas (C e E), aminoacidos, probiéticos
e prebidticos especificos, conferindo melhorias substanciais no crescimento,
engorda e respostas imunologicas. Além destes a otimizagdo da relagdo acido
linoleico (18:2) e acido linolénico (18:3) na dieta melhora o perfil de acidos graxos
dos peixes. Em uma temperatura fria abaixo do ideal, a Tilapia-do-nilo requer
maiores propor¢des de acidos graxos poliinsaturados (PUFA), fosfolipidios (PL),
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colesterol e I-carnitina podem melhorar a tolerancia térmica dos peixes, melhorando
sua digestibilidade e desenvolvimento em condi¢des adversas.

A adicado de biomassa de microalgas ou fungos favorece o desenvolvimento
quando comparado a dietas convencionais baseadas em racdes comerciais. A
spirulina (Arthrospira platensis) € uma das algas mais testadas e utilizadas como
suplemento alimentar contra disturbios fisioldgicos, conferindo protecdo contra
danos oxidativos e efeitos imunoestimulantes. Por ser um bom produtor de émegas
o fungo Aurantiochytrium sp. também ja foi testado como suplemento alimentar,
resultando num melhor crescimento dos animais, uma 6étima eficiéncia alimentar,
aléem de uma composi¢ao lipidica muscular de acidos graxos poliinsaturados
(n-3/n-6) satisfatéria para comercializagao.

Assim, faz-se necessario a busca por novas moléculas e produtos que
contribuam para o desenvolvimento de animais em sistemas de aquicultura,
principalmente em condi¢cdes adversas, como periodos sazonais de inverno. Com os
avangos obtidos no campo da nutricdo animal esta sendo possivel driblar alguns
gargalos produtivos, mas ainda existe necessidade e espaco para inovagao e
desenvolvimento de tecnologias no campo da produgao animal.

Dos microRNAs na alimentacdo

Além dos contribuintes oriundos da alimentacéo, os processos fisioldgicos e
metabodlicos podem ser controlados por mecanismos enddgenos, categorizados
como mecanismos epigenéticos, dentre os quais, destacam-se os microRNAs
(miRNAs), que sdo moléculas de acido ribonucleico (RNA) medindo 18-22
nucleotideos nao codificantes com atividade de regulagdo pds-transcricional da
expressado génica. Por seu carater modulador de fendtipos fisioldgicos e natureza
pleiotropica, essas moléculas estdo sendo estudadas para diferentes aplicagdes e
dentre diferentes espécies e reinos.

Naturalmente fazemos ingestdo diaria de varios microRNAs através da
alimentagdo, seja através de frutas, grdos, carne e chas. Estudos recentes
conseguiram mapear o caminho que os miRNA dietéticos percorrem. Apds todo
processo de mastigacdo e degluticdo do alimento os miRNAs presentes sao
liberados por digestdo mecanica e absorvidos pelos transportadores SIDT1,
expressos em células PIT do epitélio estomacal. Exossomos estdo envolvidos em
diferentes passos do processamento, degradacado e a absor¢cao de miRNAs, assim
como conferem uma protecao extra contra sua degradacao. Apos a captacao pelas
células PIT os miRNAs sao secretados para o sistema circulatério como entidades
funcionais em exossomos e vao se encaminhando aos seus alvos.

microRNAs sao capazes de modular genes e vias moleculares. Estudos
demonstraram que a superexpressao de miR-34 através da alimentagdo promoveu
uma resposta imune antiviral em camardes contra a sindrome da mancha branca.
Ao mesmo tempo, o miR-34 antiviral exibiu atividade antitumoral em camundongos
alimentados com camarao que superexpressam miR-34. Tal estudo demonstrou que
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os miRNAs disponibilizados na dieta foram capazes de controlar simultaneamente a
doenca viral do camardo e a tumorigénese humana, sendo esta uma estratégia
eficaz e econdmica.

Objetivos da invengao

Atualmente existe uma demanda por um suplemento alimentar que promova o
melhoramento da tilapicultura de forma barata e segura em periodos e regides
geograficas de baixas temperaturas. Assim, se faz necessario o desenvolvimento de
tecnologias que se baseiam em uma via natural de introdugdo de miRNAs, a
alimentagcdo. Assim, a invencgao aqui descrita tem como objetivo o desenvolvimento
de um suplemento alimentar contendo miRNAs artificiais que permitam uma reducao
dos efeitos oxidativos do metabolismo, da desregulagdo da homeostase da glicose,
contribuindo para uma melhor tolerancia ao frio em peixes e, consequentemente,
maiores taxas de sobrevivéncia durante o estresse causado por este fator.

Descricao detalhada da invengao

A presente invencao refere-se ao método de producdo de um suplemento
alimentar contendo miRNAs artificiais para o aumento da tolerancia de peixes em
baixas temperaturas. O miRNAs artificiais foram desenhados baseando-se na
sequéncia de interesse, mRNA alvo, utilizando o programa AmiRNA Designer.

Preferentemente, o método pode ser realizado obedecendo o seguinte
protocolo: inicialmente deve ser realizado a expressao das moléculas sintéticas
correspondentes aos miR-122, miR-30b, miR-135¢, miR-29b e miR-9-3p maduros no
citoplasma do sistema procaridtico de Escherichia coli. Deve ser usado um
plasmideo comercial com sitios multiplos de clonagem para a insergdo das
sequéncias dos microRNAs artificiais de interesse posteriormente. As sequéncias do
DNA sintético para expressao de cada molécula madura de fita dupla com sitios de
restricdo podem ser encontradas sob as seguintes identificacdes: SEQ ID No.1, SEQ
ID No.2, SEQ ID No.3, SEQ ID No.4, SEQ ID No.5, SEQ ID No.6, SEQ ID No.7, SEQ
ID No.8, SEQ ID No.9, SEQ ID No.10, SEQ ID No.11, SEQ ID No.12, SEQ ID No.13,
SEQ ID No.14, SEQ ID No.15, SEQ ID No.16, SEQ ID No.17, SEQ ID No.18, SEQ
ID No.19 e SEQ ID No.20. Separadamente cada sequéncia de DNA sintético deve
ser inserida ao respectivo plasmideo a ser utilizado em um eppendorf, sendo o
plasmideo do vetor LITMUS 38i tratado a 35-38°C por 55-65 minutos com
endonucleases, apos a digestdo dos sitios de restricdo as moléculas devem ser
unidas utilizando a enzima de ligacdo T4 DNA Ligase. A insercao dos plasmideos
nas células deve ser realizada através de choque de temperatura, as bactérias
recombinantes devem ser selecionadas utilizando 80-110 pg.mL-1 de ampicilina no
meio de cultivo LB (Luria Bertani) a 36-37°C durante 12h.

O cultivo das células recombinantes de Escherichia coli pode ser realizado em
biorreatores convencionais, do tipo tanque agitado e aerado, e em biorreatores nao
convencionais pneumaticos, tipo coluna de bolhas e tipo airlift. As células podem ser
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cultivadas utilizando diferentes modos de operacéo, dentre eles 0 modo descontinuo
(batch), o qual tem sido utilizado amplamente na industria.

Subsequente, apds o cultivo das bactérias que expressam as moléculas de
interesse, deve ser realizada a separagdo do meio de cultivo, a filtragem das células
pode ser realizada utilizando uma membrana 0,22 ym. Para seguir com a mistura na
racao as células devem ser inativadas em banho-maria a 55-65°C pelo periodo de
tempo compreendendo de 20 min a 30 min, seguido da filtragem e secagem em
estufa de circulacao forcada na faixa de temperatura de 55°C a 65°C por 50-60 min.

Posteriormente, em um misturador industrial deve ser colocado as células de
E. coli secas, uma ragdao comercial devidamente balanceada para peixes, assim
como um O6leo para facilitar a incorporagao dos componentes. O material deve ser
misturado entre 15 e 30 minutos de forma homogénea. Apds a mistura dos
ingredientes o suplemento deve ser seco em estufa de circulagao forgada na faixa
de 55 a 65°C por 45-75 h. O suplemento deve ser armazenado em recipiente estéril,
selado e longe da luz até o uso para preservar as caracteristicas alimentares do
produto.

5 CONCLUSAO GERAL

Esta tese demonstrou, por meio de uma revisdo sistematica e do
desenvolvimento de uma patente, o potencial da produgdo heteréloga de miRNAs
em bactérias como ferramenta biotecnolégica para a aquicultura. A analise critica da
literatura identificou Rhodovulum sulfidophilum como © microrganismo mais
promissor para expressdo de miRNAs, devido a suas caracteristicas unicas:
secrecdo de acidos nucleicos, auséncia de RNases, cultivo em agua salgada e néo
patogenicidade. Esses atributos a tornam ideal para aplicagdes em biorrefinarias e
aquicultura, com vantagens sobre modelos convencionais como Escherichia coli —
esta, por sua vez, mantém relevancia para produ¢ao em larga escala, dada sua

versatilidade e infraestrutura industrial consolidada.

Quanto aos vetores de expressédo, os resultados destacaram a superioridade
de plasmideos com promotor Ipp e sitios de clonagem multipla em E. coli, enquanto
para R. sulfidophilum o plasmideo pBHSR1-RM (modificado com promotor
pCF-rpAM1 e elementos de estabilizagdo de RNA) mostrou-se mais eficiente. Esses
achados subsidiaram o desenvolvimento de uma patente inédita: um suplemento
alimentar contendo miRNAs artificiais (miR-122, miR-30b, miR-29b, entre outros)
produzidos em E. coli e formulados para aumentar a tolerancia de peixes a baixas

temperaturas. O método patenteado combina:
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e Design computacional de miRNAs (AmiRNA Designer),
e Expresséao heteréloga em biorreatores (com vetor LITMUS 38i),
e |nativacao térmica da biomassa bacteriana, e

e Encapsulacdo em ragdo com adjuvantes lipidicos.

A formulagao age modulando vias metabdlicas (ex.: glicolise) e antioxidantes,
oferecendo uma solugdo nao transgénica, oral e sazonal — diferencial frente a
abordagens como inje¢cao ou modificagdo genética direta. A escolha de E. coli para a
patente justifica-se pela escalabilidade industrial, embora futuros estudos possam
adaptar o processo para R. sulfidophilum, aproveitando seu perfil de seguranca e

compatibilidade com ambientes aquaticos.

Impacto e Perspectivas
Esta pesquisa avanca em duas frentes:

e C(Cientifica: Consolida R. sulfidophilum como plataforma emergente para
producdo de RNAs nao codificantes, com insights sobre design de vetores e
processamento de miRNAs.

e Tecnoldgica: Oferece um produto comercializavel para mitigar perdas na
aquicultura, com potencial adaptacdo a outros estresses (ex.. doengas,
hipoxia).

Como préoximos passos, sugere-se:

e Desenvolver R. sulfidophilum geneticamente modificada para expressar
miRNAs;

e \Validar a producéo dessas moléculas;

e Produzir o suplemento contendo a cepa produtora do miRNA, e administrar
em espécies padrédo de experimentagdo (D. rerio) e comerciais (ex.: Salmo

salar, Oreochromis niloticus);

Explorar a producdo em R. sulfidophilum para reduzir custos;

Investigar sinergias com outras plataformas (ex.: probioticos).
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Conclui-se que a integragdo entre engenharia genética microbiana e nutricao
animal — como demonstrado aqui — abre novas rotas para a biotecnologia aplicada a

aquicultura, alinhando inovagao e sustentabilidade.
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