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RESUMO

Os microRNAs (miRNAs) sdo pequenas moléculas de RNA que regulam a
expressdo génica e, por isso, estdo envolvidos em varios processos bioldgicos e
patoldgicos. Evidéncias sugerem que os miRNAs possuem um papel tanto no sistema
imune quanto na proliferacdo, metabolismo e morte das células beta pancreéticas, os
quais sdo processos envolvidos na patogénese do diabetes mellitus tipo 1 (DM1).
Diversos estudos investigaram se perfis de expressdao de miRNAs estdo associados ao
DM1; no entanto, seus resultados s&o ainda inconclusivos. Sendo assim, realizou-se
uma revisdo sistematica e um estudo caso-controle, seguidos de andlises de
bioinformatica, com o objetivo de se identificar um perfil de expressdo de miRNAs em
pacientes com DML1.

A revisdo sistematica incluiu 33 estudos que investigaram a expressdo de
miRNAs em individuos com e sem DM1 e em modelos animais dessa doenga. Em
geral, 11 miRNAs circulantes no sangue estavam consistentemente desregulados em
pacientes com DM1 comparado aos individuos controles. Desses 11 miRNAs, miR-
146a-5p, miR-150-5p, miR-342-3p e miR-1275 estavam menos expressos em pacientes
com DM1 comparado aos controles; enquanto miR-21-5p, miR-24-3p, miR-100-5p,
miR-148a-3p, miR-181a-5p, miR-210-3p e mIiR-375 estavam mais expressos em
pacientes com DM1. Além disso, anélises in silico demonstraram que esses 11 miRNAs
estdo envolvidos em vias relacionadas a fungbes do sistema imune, apoptoso e
biossintese de insulina, sugerindo que esses miRNAs podem ter um papel importante na
patogénese do DM1.

No estudo caso-controle, a expressdo de 48 miRNAs foi analisada no plasma de

33 pacientes com DM1 (casos) e de 26 individuos ndo-diabéticos (controles),



utilizando-se a técnica de macroarray. Em seguida, cinco miRNAs diferencialmente
expressos entre casos e controles foram selecionados para a anélise de validacdo dos
resultados de expressdo, em uma amostra independente (27 casos e 14 controles),
utilizando-se RT-gPCR. Como resultado da anélise de macroarray, nove miRNAs
foram diferencialmente expressos em pacientes com diagnostico recente de DM1 (<5
anos de diagnostico) comparado com pacientes diabéticos com >5 anos de diagndstico e
individuos controles. Nenhuma diferenca foi observada entre pacientes com DM1 com
>5 anos de diagnostico e o grupo controle. Além disso, a expressdo aumentada dos miR-
103a-3p, miR-155-5p, miR-200a-3p e miR-210-3p, bem como a expressdo diminuida
do miR-146a-5p nos pacientes com DML1 de diagnéstico recente comparado aos outros
dois grupos foram confirmadas utilizando-se RT-gPCR. As andlises de bioinformética
evidenciaram que esses cinco miRNAs regulam genes de vias associadas ao DM1,
como sistema imune inato, MAPK, apoptose e insulina.

Além dos estudos de expressdo de miRNAS, evidéncias recentes demonstraram
que polimorfismos em genes codificantes de miRNAs podem alterar a biogénese dos
miRNAs, bem como suas ligagdes aos RNAm alvos, conferindo, assim, suscetibilidade
para algumas doencas. Sendo assim, as frequéncias dos polimorfismos rs2910164 no
miR-146a, rs767649 no miR-155 e rs6715345 no miR-375 foram investigadas em 490
pacientes com DM1 e em 469 individuos ndo-diabéticos. Os alelos mais raros dos
polimorfismos rs2910164 no miR-146a e rs767649 no miR-155 foram menos
frequentes em pacientes com DM1 do que nos controles. A associagdo desses alelos
com protegdo para o DM1 foi confirmada no modelo de heranca dominante
[polimorfismo rs2910164: Razdo de chances (RC) = 0,56 (IC 95% 0,36 — 0,87);
polimorfismo rs767649: RC = 0,51 (IC 95% 0,26 — 0,97)], ajustando-se para idade,

etnia e haplotipo HLA DR/DQ de alto risco para o DM1. As frequéncias alélicas e



genotipicas do polimorfismo rs6715345 no miR-375 ndo diferiram entre casos e
controles.

Além dos miRNAs estarem envolvidos na patogénese do DM1, diversos estudos
demonstraram que a expressdo desregulada de miRNAs também pode estar envolvida
nas complicacdes cronicas do DM1, como a doenga renal do diabetes (DRD);
entretanto, os resultados em relacdo & DRD também sdo inconclusivos. A fim de
proporcionar um melhor entendimento sobre o papel dos miRNAs na DRD, realizamos
uma revisdo sistematica e um estudo caso-controle, seguidos de analises in silico,
visando a identificacdo de um perfil de expressdo de miRNAs associados com essa
complicagéo.

A revisdo sistematica incluiu 27 estudos que investigaram a expressdo de
miRNAs em pacientes com DRD e em individuos controles. Como resultado, seis
miRNAs estavam consistentemente desregulados em pacientes com diferentes graus de
DRD comparados aos controles (pacientes com DM1 sem DRD e/ou individuos
saudaveis). Desses seis miRNAs, miR-21-5p, miR-29a-3p, miR-126-3p, miR-214-3p e
miR-342-3p estavam aumentados, enquanto o0 miR-192-5p estava diminuido em
pacientes com DRD comparado aos controles. A andlise de bioinformatica evidenciou
que esses miRNASs regulam genes que participam de vias como apoptose, fibrose e
acumulo de proteinas na matriz extracelular, demonstrando que eles podem ter um papel
importante na patogénese da DRD.

No estudo caso-controle, investigamos a expressdo de 48 miRNASs no plasma de
23 pacientes >10 anos de DM1 (controles DM1), 35 pacientes com diferentes graus de
DRD (casos) e 10 individuos saudaveis, através de andlise de macroarray.
Posteriormente, cinco miRNAs desregulados nos casos foram escolhidos para validagao

em uma amostra independente (10 controles com DM1, 19 casos e 10 individuos



saudaveis), utilizando-se RT-gPCR. Como resultado do macroarray, nove miRNASs
foram diferencialmente expressos em pacientes com DRD comparados aos controles
DML1. A expressdo aumentada dos miR-21-3p e miR-378a-5p e a expressdo diminuida
dos miR-16-5p e miR-29a-3p nos pacientes com DRD comparado aos controles DM1
foi confirmada na amostra de validacdo. Nao foi confirmada a associa¢do do miR-503-
5p com DML1. A andlise in silico demonstrou que os cinco miRNAs selecionados para a
validagdo regulam genes das vias PI3K/Akt, longevidade, TGF-B1 e relaxina, o que

indica que esses miRNAs podem ter um papel importante na patogénese da DRD.



ABSTRACT

MicroRNAs (miRNAs) are small RNA molecules that regulate gene expression;
consequently they are involved in several biological and pathological processes.
Growing evidence suggests that miRNAs play a key role in immune system functions as
well as in pancreatic beta-cell metabolism, proliferation and death, which are processes
involved in type 1 diabetes mellitus (T1DM) pathogenesis. Several studies have
investigated if miRNA expression profiles are associated with TIDM; however, their
results are still inconclusive. Thus, we performed a systematic review and a case-control
study, both followed by bioinformatic analysis, aiming to identify a miRNA expression
profile associated with TLDM.

The systematic review included 33 studies that analyzed miRNA expressions in
T1DM patients (cases) and nondiabetic subjects (controls) or in murine models of this
disease. In general, 11 circulating miRNAs were consistently dysregulated in cases
compared to controls. Among these 11 miRNAs, miR-146a-5p, miR-150-5p, miR-342-
3p e miR-1275 were downregulated in TIDM patients compared to controls; while,
miR-21-5p, miR-24-3p, miR-100-5p, miR-148a-3p, miR-181a-5p, miR-210-3p e miR-
375 were upregulated in TLDM patients. Moreover, in silico analysis showed that these
11 miRNAs are involved in pathways related to the imune system, apoptosis and insulin
biosynthesis, suggesting that these miRNAs could be involved in TLDM pathogenesis.

In the case-control study, expressions of 48 miRNAs were analyzed in plasma of
33 T1DM patients (cases) and 26 age- and gender-matched nondiabetic subjects
(controls), using a macroarray technique. After that, five differently expressed miRNAs
between cases and controls were selected for validation of their results in an

independente sample (27 cases and 14 controls), using RT-gPCR. As result of the
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macroarray analysis, nine miRNAs were diferently expressed in plasma of recently-
diagnosed T1DM patients (< 5 years of diagnosis) compared to TLDM patients with > 5
years of diagnosis and controls. No differences in miRNA expressions were detected
between controls and T1DM patients with > 5 years of diagnosis. Moreover, miR-103a-
3p, miR-155-5p, miR-200a-3p, and miR-210-3p were confirmed as being upregulated in
recently-diagnosed T1DM patients compared to the other two groups, using RT-gPCR.
In the same way, miR-146a-5p was confirmed as being downregulated in recently-
diagnosed T1DM patients compared to the other groups. Bioinformatic analysis
demonstrated that these five miRNAs regulate several genes from pathways associated
with T1DM, such as innate immune system-, MAPK-, apoptosis-, -and insulin
pathways.

In addition to the miRNA expression studies, recent evidence has shown that
polymorphisms in genes codifying miRNAs may alter their biogenesis as well as their
binding to the corresponding mMRNAsS; thus, confering susceptibility for a given disease.
Therefore, frequencies of miR-146a rs2910164, miR-155 rs767649 and miR-375
rs6715345 polymorphisms were analyzed in 490 T1DM patients and 469 nondiabetic
subjects. Frequencies of the minor alleles of miR-146a rs2910164 and miR-155
rs767649 polymorphisms were lower in TIDM patients compared to nondiabetic
subjects. Their association with TIDM protection was confirmed for the dominant
model of inheritance [rs2910164 polymorphism: Odds ratio (OR) = 0.557, 95% CI
0.355 — 0.874; rs767649 polymorphism: OR = 0.508, 95% CI 0.265 — 0.973], after
adjustment for age, ethnicity, and T1DM high-risk HLA DR/DQ haplotypes. MiR-375
rs6715345 allele and genotype frequencies did not differ between cases and controls.

In addition to the miRNAs involved in TLDM pathogenesis, a number of studies

have shown that dysregulated miRNAs expressions may also be involved in chronic
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complications of T1DM, such as diabetic kidney disease (DKD); however, the results in
relation to DKD are also inconclusive. In order to provide a better understanding about
the relantionship between miRNAs and DKD, we performed a systematic review and a
case-control study, both followed by in silico analysis, aiming to identify a miRNA
expression profile associated with this chronic complication.

The systematic review included 27 studies that compared miRNA expressions
between patients with DKD (cases) and control subjects. As result, six miRNAs were
consistently dysregulated in patients with different stages of DKD compared to controls
(T1DM patients without DKD or healthy individuals). Among these six miRNAs, miR-
21-5p, miR-29a-3p, miR-126-3p, miR-214-3p, and miR-342-3p were upregulated,
while, miR-192-5p was downregulated in DKD cases compared to controls.
Bioinformatic analysis indicated that these six miRNAs regulate genes involved in
pathways related to DKD pathogenesis, such as apoptosis, fibrosis, and extracellular
matrix accumulation.

In the case-control study, we analyzed expressions of 48 miRNAs in plasma of
23 patients with > 10 years of T1IDM diagnosis (T1DM controls), 35 patients with
diferent stages of DKD and 10 healthy subjects using macroarray analysis. Five
dysregulated miRNAs in T1DM cases were then selected for validation in an
independent sample (10 T1DM controls, 19 DKD cases, and 10 healthy subjects), using
RT-gPCR. As result, nine miRNAs were differentially expressed between DKD cases
and T1DM controls. After validation, miR-21-3p and miR-378-3p were confirmed as
being upregulated, while miR-16-5p and miR-29a-3p were confirmed as being
downregulated in DKD cases compared to T1DM controls. The association between
miR-503-5p expression and T1DM was not confirmed. The in silico analysis indicated

that the five miRNAs choosen for validation regulate genes from PI3K/Akt, longevity,

12



TGF-B1, and relaxin signaling pathways, reinforcing that these miRNAs have a role in

DKD pathogenesis.
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1. INTRODUCAO

1.1. Diabetes mellitus tipo 1

O diabetes mellitus tipo 1 (DM1) é uma doenca crbnica caracterizada pela
destruicdo autoimune das células beta das ilhotas de Langerhans, resultando na
incapacidade progressiva de produzir insulina (1). A destruicdo das células beta pode
levar meses ou anos, mas, em geral, 0 DM1 é clinicamente detectado ap6s a destruicao
de mais de 80% dessas células nas ilhotas pancreéticas (2). InUmeros fatores genéticos,
epigenéticos e ambientais contribuem para a ativacdo imunoldgica que desencadeia a
destruicédo das células beta (3, 4).

A natureza autoimune do DM1 é evidenciada pela presenca de células T
autorreativas e autoanticorpos para a insulina (IAAs), para as células das ilhotas de
Langerhans (ICAs), para a descarboxilase do &cido glutdmico (GADG65), para o
transportador de zinco especifico de células beta (ZnT8) e para as fosfatases de tirosina
(IA-2 e 1A-2B) (5, 6). Estima-se que entre 85 e 90% dos pacientes com DM1
apresentam um ou mais desses anticorpos no momento do diagnéstico (5). Além disso,
esses anticorpos podem estar presentes em alguns individuos por décadas antes do
desenvolvimento da doenga (5, 6). Porém, o conhecimento a respeito dos mecanismos
que desencadeiam a inflamacdo e morte das células beta ainda é limitado. Algumas
evidéncias indicam que as células imunes infiltradas nas ilhotas de pacientes recém-
diagnosticados sdo, predominantemente, linfocitos CD8, células T CD4, células B e
macrofagos, implicando na ativagdo tanto da resposta imune inata quanto da adaptativa,
0 que culmina na morte das células beta (3, 5, 6).

A incidéncia de DM1 estd aumentando na maioria dos paises, especialmente em

criancas com idade inferior a 15 anos (Figura 1). Por mais que exista grande diferenca

14



na incidéncia de acordo com a regido geografica, o crescimento anual do DM1 em todo
0 mundo é em torno de 3%. O pais com maior nimero absoluto de criancas com DM1 é
o Estados Unidos, com 84.100 criancas afetadas, seguido pela india com 70.200
criancas. O Brasil encontra-se em terceiro lugar nesse ranking com 30.900 criangas

diagnosticadas com DM1 no ano de 2015 (7).

'
e

Atlas do International Diabetes Federation — IDF, 72 edi¢do; 2015
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Figura 1. Numero de novos casos de DM1 (por 100.000 criancas de 0 a 14 anos, por

ano). Dados da International Diabetes Federation, 2015.

1.2. Doenga renal do diabetes

A hiperglicemia crénica pode provocar lesdes estruturais no endotélio vascular e
no tecido nervoso que causam danos, disfungdes e falhas de diversos érgdos e tecidos,
levando ao aparecimento das complicacdes cronicas do DM (3). Essas complicacfes
podem ser categorizadas em microvasculares [retinopatia diabética (RD), doenca renal
do diabetes (DRD) e neuropatia periférica (NP)] ou macrovasculares (infarto agudo do
miocardio, acidente vascular cerebral e gangrena) (3). Dentre as complicacdes
microvasculares, a DRD é a causa mais frequente de faléncia e necessidade de

transplante de rins em varios paises (8).
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Embora a melhora do controle glicémico reduza o desenvolvimento das
complicagdes microvasculares do diabetes, como a DRD, a incidéncia dessas
complicagdes continua crescendo no mundo todo (9). Atualmente, a DRD £ a principal
causa de doenca renal cronica (DRC) e doenga renal cronica terminal (DRCT), sendo
um grande preditor de mortalidade em pacientes diabéticos (10, 11). Ainda, a DRD é a
principal responsavel por transplantes renais em diversos paises (10). Nos Estados
Unidos, cerca de 200.000 pacientes sdo tratados para DRCT por apresentarem DRD,
sendo que, a cada ano, 50.000 novos pacientes iniciam diélise (11). Pacientes com DRD
que apresentam DRCT se deparam com uma taxa de mortalidade de 20% apés o
primeiro ano de diélise, 0 que € maior que a taxa de mortalidade conhecida para muitos
canceres de 6rgéos solidos, como os canceres de prostata e de mama (11).

A DRD ¢ definida como anormalidades estruturais ou funcionais dos rins, por
pelo menos trés meses, manifestada por dano no tecido renal ou por taxa de filtracdo
glomerular (TFG) diminuida (< 60 ml/min/1,73m?). O dano renal pode ser expresso por
proteindria, dano tubular, alteracfes na imagem ou necessidade de transplante. Segundo
o0 Kidney Disease Improving Global Outcomes (KDIGO), a classificagdo dos estagios

da DRC deve se basear na excre¢do urinaria de albumina (EUA) e TFG (Figura 2).
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Progndsticos da DRC por categorias da TFG e albuminuria

Categoria de albumintria persistente

Al A2 A3
Mormal ou Aumento Aumento
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aumentado

30-300 mg/g =300 mg/g
<30 mg/g 3-30 »30
< 3mg/mmol mg/mmol mg/mmal

Gl Normal ouaumentado 290
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;50 £ | G3b | Moderadoa 30-44
o] ..E severamentediminuido
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e G4 Severamente 15-29

diminuido
G5 Falénciarenal =15

Verde: baixo risco; Amarelo: risco moderadamente aumentado; Laranja: alto risco;
Vermelho: altissimo risco. * TGF: Taxa de filtracdo glomerular

Adaptado: Guias KDIGO, 2012

Figura 2. Classificagdo da Doenga Renal Cronica segundo a KDIGO, 2012.

A TFG estimada (TFGe) é amplamente utilizada para indicar a funcéo renal (11,
12). Existem diversas maneiras de estimarmos a TFG, no entanto, atualmente duas
férmulas matematicas sdo as mais utilizadas: 1) formula MDRD (Modification of Diet
for Renal Disease) (13) e 2) formula CKD-EPI (Chronic Kidney Disease Epidemiology
Collaboration) (14).

A equacdo MDRD (13) para estimativa da TFG foi originalmente desenvolvida
em pacientes com DRC e ndo incluia individuos saudaveis. A TFG calculada pela
equacdo do MDRD e a TFG real sdo muito préximas para resultados < 60 mL/min/1,73
m?, enquanto a TFG excede a taxa estimada por um valor pequeno quando a TFG é > 60
mL/min/1,73 m? A equacdo MDRD utiliza como pardmetros na férmula: niveis de
creatinina sérica, género, idade e etnia.

A equacdo CKD-EPI (14) utiliza as mesmas quatro varidveis que a equagdo do

MDRD:; no entanto, foi validada em uma coorte que compreendia individuos saudaveis
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e individuos com DRC, e, por isso, apresenta melhor desempenho e previsao de
desfechos adversos. As observacOes de menor viés e maior acurécia da equagdo CKD-
EPI em comparacdo & equagdo MDRD, particularmente nas faixas de TFG > 60
mL/min/1,73 m? constituem o racional para preconizar o seu uso clinico em
substituicdo as equacdes de estimativa da TFG até entdo utilizadas (15).

Entretanto, a TFGe indica apenas funcdo renal, mas ndo dano renal. O
diagnostico histopatologico é considerado o padrdo-ouro; entretanto, € pouco utilizado
na pratica clinica. As principais alteracdes fisiopatologicas da DRD estdo demonstradas
na Figura 3. A DRD inicia com espessamento da membrana basal glomerular e
aumento da deposicdo de colageno por células mesangiais na matriz extracelular,
obliteracdo de pedicelos secundarios e diminuicdo da quantidade de poddcitos. Esses
fatores contribuem para que ocorra excrecdo de proteinas de alto peso molecular, como
a albumina. Além disso, outras regifes do rim sdo afetadas, como, por exemplo, no
tubulo proximal ocorre atrofia do epitélio tubular com perda de microvilosidades,

diminuicdo da quantidade de capilares e infiltracdo inflamatoria.
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Figura 3. Les6es histopatoldgicas da Doenca Renal do Diabetes. O glomérulo de um
paciente saudavel inclui arteriola aferente, capilares glomerulares, células endoteliais,
membrana basal, poddcitos, células epiteliais parietais, células tabulo-epiteliais e é
impermeével a albumina. Em contraste, 0 glomérulo de um paciente com diabetes
apresenta hialinose arteriolar, expansdao mesangial, deposicdo de colageno,
espessamento da membrana basal, perda e hipertrofia de poddcitos, albumindria, atrofia
do epitélio tubular, acimulo de matriz e miofibroblastos ativados, influxo de células
inflamatorias e rarefacdo de capilares. Também é mostrado tecido renal de glomérulo
saudavel e de paciente com DRD (corado com &cido periodico de Schiff). Adaptado de

Reidy e colaboradores (11).

1.3. MicroRNAs

Os microRNAs (miRNAs) sdo uma classe de pequenos RNAs de 19-25
nucleotideos, ndo codificadores de proteinas, que agem como potentes reguladores pos-
transcricionais da expressdo génica em plantas e animais (16). Lin4 (do inglés lineage-
deficient-4) foi descoberto em 1993 como o primeiro miRNA, sendo nesta época
associado a regulacdo do desenvolvimento larval em Caenorhabditis elegans (17).

Os miRNAs exercem seus efeitos regulatérios ligando-se principalmente a

regido 3’ ndo traduzida (3°UTR) de RNAs mensageiros (RNAm) alvos, levando a

19



repressdo da traducdo e ou a degradacdo do RNAm (18, 19). Além disso, estima-se que
0os miRNAs regulam a expressdo de 60% dos genes codificantes de proteinas,
consequentemente controlando diversos processos bioldgicos e patolégicos (18, 20).
Interessantemente, alguns estudos demonstraram que os mMIRNAs podem ser
transportados de célula para célula, bem como circular de forma estavel nos fluidos
bioldgicos; coordenando a expressdo génica em células vizinhas ou em células distantes.
A transferéncia dos miRNAs entre células distantes pode constituir uma nova forma de
comunicacdo célula-célula (20). Além disso, a expressdo dos miRNAs nos fluidos
biologicos geralmente reflete um dano tecidual especifico, fazendo deles candidatos
ideais a biomarcadores circulantes (21).

Hé& evidéncia de que a especificidade do miRNA esta ligada principalmente a
uma pequena sequéncia de nucleotideos, de aproximadamente 8 pares de bases,
chamada de seed sequence. A variagdo significativa no grau de complementariedade
dessas sequéncias permite que um unico miRNA se ligue a diversos RNAm, e, da
mesma forma, cada RNAm pode ser regulado por varios miRNAs (16, 22).

Mais de 2.400 miRNAs ja foram descritos em humanos (23). Os estudos de
associacdo entre a expressdo de miRNAs e patologias humanas sdo mais frequentes na
area de oncologia (24, 25), enquanto o padrdo de expressdo de miRNAs em outras
doencas, especialmente no diabetes e suas complicagcdes cronicas, comegaram a ser
objeto de estudo no altimos anos (26-28).

Os miRNAs séo transcritos primeiramente pela RNA polimerase 11 em miRNAs
primarios (pri-miRs) no nacleo. Os pri-miRs sdo relativamente longos e podem conter
uma ou mais estruturas em forma de grampo. Um complexo formado pela ribonuclease
DROSHA associada a proteina DGCR8 processa o pri-miR em miRNA precursor (pre-

miRNA), que possui uma estrutura secundaria em forma de grampo de
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aproximadamente 70 nucleotideos. Posteriormente, esse pré-miR é exportado para o
citoplasma, pela enzima exportina-5, onde é reconhecido e clivado pela enzima DICER
e seus cofatores, gerando a molécula madura de miRNA, composta de cerca de 22
nucleotideos. Apos, o complexo de silenciamento induzido por RNA (RISC) direciona o
miRNA maduro até o RNAm alvo (Figura 4). O reconhecimento do alvo pelo miRNA
ocorre na regido 3' do RNAm alvo, devido a complementariedade com a seed sequence
do miRNA. Dependendo do grau de complementariedade, 0 RNAm alvo é clivado ou
sua traducdo € inibida, ou ainda, é direcionado para a degradacdo nos corpusculos P (16,

20, 22).

DROSHA

@ @

Exportina-5 >

pré-miRNA
DICER

l]IIIlIIIIﬂ]]III Corpos multivesiculares

B e e @@%

pri-miRNA

Nticleo

RNAm alvo miRNA

e

(=) =

Complexo proteico Lipoproteinas Microvesiculas Exossomos

Figura 4. Biogénese e liberacdo dos microRNAs. No nucleo, os microRNAS
primarios (pri-miRNAS) séo clivados pela enzima ribonuclease DROSHA, gerando os
pré-miRNAs (1). Os pré-miRNAs sdo transportados para o citoplasma pela enzima
exportina-5 (2) e clivados pela enzima DICER, formando um miRNA duplex (3). Uma
das fitas do duplex de miRNA maduro ira se associar com o complexo RISC e guiar a
repressdo da traducdo de RNAm alvos (4) ou serd liberado pela célula. Quando o

miRNA maduro é liberado pela célula, ele pode se ligar a proteinas, como a argonauta-2
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(5), ou a lipoproteinas, como a HDL (6). Alternativamente, os miRNAs podem ser
liberados em microvesiculas formadas pela membrana plasmatica (7) ou em exossomos
que sdo liberados no espaco extracelular por meio de exocitose ou fuséo de corpos
multivesiculares com a membrana plasmatica (8). Adaptado de Guay e colaboradores
(20).

Considerando que os miRNAs podem modular processos fisioldgicos e a
patofisiologia de diversas doencas, € reconhecido que existe a necessidade de se
identificar os miRNAs (e seus alvos) associados com o DM1 e suas complicacGes
crénicas, pois isto propiciaria a identificacdo de novos marcadores para o diagnostico e
prognoéstico, bem como poderia sugerir novos alvos terapéuticos (20, 26-28). Além da
sua funcdo intracelular, estudos recentes demonstraram que os MiRNAs podem ser
exportados ou liberados pelas células na circulacdo em uma forma estavel. A descoberta
dos miRNAs circulantes sugeriu a possibilidade de utilizacdo dos padrdes de expressdo
destas moléculas como biomarcadores, avaliados de forma néo invasiva, para a deteccéo
precoce do DML1 e suas complicacdes crénicas, o que poderia auxiliar no manejo clinico

dos desfechos de longo prazo (20, 27, 29, 30).

1.3.1 MicroRNAs e diabetes mellitus tipo 1

Evidéncias sugerem que os miRNAs possuem um papel tanto no sistema imune
quanto na proliferacdo, metabolismo e morte das células beta, 0s quais Sdo processos
envolvidos na patogénese do DM1 (19, 20, 31). Ainda citocinas pré-inflamatorias como
IL-1B e TNF podem induzir a expressdao de diversos miRNAs na linhagem celular
MING6 e em ilhotas pancreaticas humanas (32), sugerindo que esses miRNAs podem
estar envolvidos na destruicdo das celulas beta mediada por citocinas.

Um estudo indicou que 0 miR-342 e 0 miR-191 s&o menos expressos, enquanto

0 MiR-510 é mais expresso em células Treg de pacientes com DM1 (33). Nielsen e
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colaboradores investigaram os niveis de expressdo dos miRNAs no soro de criangas e
adolescentes com DM1 recém-diagnosticado e demonstraram que 12 miRNAs estavam
diferencialmente expressos nesses pacientes: miR-24, miR-25, miR-26a, miR-27a, miR-
27b, miR-29a, miR-30a-5p, MiR-148a, miR-152, miR-181a, miR-200a e miR-210.
Osipova e colaboradores relataram que o miR-21 e 0 miR-210 estavam aumentados
tanto no plasma quanto na urina de criangas com DM1, enquanto que o0 miR-126 estava
diminuido apenas na urina dos pacientes quando comparado com criangas saudaveis
(34). Diversos outros estudos investigaram perfis de expressao em pacientes com DM1,;
entretanto, os resultados sdo ainda inconclusivos (21, 35-41).

Além disso, alguns miRNAs parecem modular a expressdo dos autoantigenos
associados ao DM1 (38, 42) ou predizer a fungdo residual das células beta apds o
diagnédstico do DM1 (43). A expressao do miR-24-3p, miR-146a-5p, miR-194-5p, miR-
197-3p, miR-301a-3p e miR-375 foi correlacionada com a funcdo residual da célula
beta ap6s 3 meses de diagnéstico do DM1. Além disso, os niveis de peptideo C
estimulado em 12 meses ap6s o diagndstico foram preditos pela expressdo do miR-197-
3p no terceiro més apds o diagndstico (37). Snowhite e colaboradores identificaram
quinze miRNAs diferencialmente expressos em irmaos com autoanticorpos positivos
comparados com irmdos com autoanticorpos negativos. Adicionalmente, sete miRNAS
foram diferencialmente expressos entre pacientes com autoanticorpos positivos de
acordo com a progressdo da doenga, identificando um perfil de miRNAs associados

com o desenvolvimento do DM1 (36).

1.2.2 MicroRNAs e a doenca renal do diabetes
Atualmente, os marcadores laboratoriais da DRD nédo sdo capazes de prever
quais os pacientes com DM possuem risco de desenvolver essa complicacdo antes do

aparecimento do dano renal. Por isso, a descoberta de novos biomarcadores se faz
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necessaria para identificar pacientes com maior risco de desenvolver a DRD. Um
tratamento precoce nesse grupo de pacientes poderia ajudar a retardar ou prevenir o
inicio dessa complicacdo, bem como a progressdao para DRCT (44). Nesse contexto,
estudos recentes tém demonstrado que os mMiRNAS sdao mediadores chave na patogénese
da DRD, sugerindo que miRNAs circulantes podem ser utilizados como biomarcadores
para prever o desenvolvimento e progndstico da DRD (44-47). A deteccdo de miRNAS
circulantes oferecem um método fécil, rapido e potencialmente automatizado para o
diagndstico da DRD em comparacéo a bidpsia renal.

Além disso, os miRNAs podem ser induzidos em células renais in vivo e in vitro
em condigdes hiperglicémicas e podem promover a acumulagdo de proteinas de matriz
extracelular relacionadas a fibrose e a disfungdo glomerular (46). De acordo com o
papel dos miRNAs na fibrose renal, varios miRNAs circulantes no sangue ou na urina
foram relatados como desregulados em estadios especificos da DRD (30, 48-55) (28,
49, 50, 53, 57-61); entretanto, os resultados s&o ainda inconclusivos visto que a maioria

dos resultados néo foi reproduzida em outras populagdes.

1.4. Polimorfismos em genes codificantes de microRNAs

A variacdo genética responsavel pela predisposicdo para 0 DM1 ainda é
desconhecida para a maioria dos loci génicos associados com a patologia e suas
complicagdes cronicas. Até o momento, mais de 50 genes foram associados com o
DML, sendo o HLA classe Il DR/DQ o que possui maior impacto na suscetibilidade a
doenca (56). Outros loci possuem menor impacto na suscetibilidade ao DM1; no
entanto, a combinacéo dos haplotipos HLA e polimorfismos ndo-HLA tem melhorado a

predi¢cdo do DM1 (57).
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A maior parte dos estudos de associacdo genética tem avaliado a ocorréncia de
polimorfismos nas regides codificadoras dos genes; porém, evidéncias sugerem que
polimorfismos nas regides néo codificadoras dos genes, incluindo a regido promotora,
0s acentuadores (enhancers) e as regifes alvo dos miRNAs, podem ter um efeito
significativo na patogénese de diversas doencas (58). Andlises in silico demonstraram
que variacBes em regides alvo de miRNAs podem alterar a expressdo de genes ja
associados com o DM1. Um estudo identificou que polimorfismos na regido 3°’UTR de
genes candidatos para 0 DM1, como o CTLA4 e IL-10, afetam a capacidade dos miR-
302a e miR-523 se ligarem aos RNAmM desses genes, respectivamente, alterando suas
expressoes (59).

Por outro lado, polimorfismos também podem acontecer nos genes que
codificam miRNAs. Polimorfismos de troca Unica (SNPs - do inglés Single Nucleotide
Polymorphisms) em genes codificantes de miRNAs (miRSNPs) podem afetar o
processamento dos pri-miRNAs, pré-miRNAs e/ou dos miRNAs maduros e ainda
modificar a ligacdo aos RNAm alvo (60). Mais especificamente, os miRSNPs podem
ser divididos em dois grupos: 1) polimorfismos na sequéncia dos pri-miRNAs e pré-
miRNAs que podem afetar a biogénese dos miRNAs e assim alterar os niveis de
expressdao dos miRNAs maduros; e 2) polimorfismos que alteram a habilidade dos
miRNAs maduros de reconhecer a sequéncia dos RNAm alvos ou que influenciam a
ligagdo do miRNA com seu RNAm alvo, pois a ligagdo miRNA-RNAm ¢é feita por
complementariedade de pares de base (61). Até o momento, mais de 240 miRSNPs
foram descritos em pri-miRNAs, pré-miRNAs ou miRNAs maduros e alguns desses
miRSNPs foram associados com diversas doengas humanas, como doengas autoimunes,

Alzheimer, Parkinson, doencas cardiacas e varios tipos de cancer (62-67).
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Polimorfismos na estrutura de pré-miRNAs foram associados com apoptose das
células beta (rs72631823 no pré-miR-34a e rs41274239 no pré-miR-96). O
polimorfismo rs72631823 foi associado com um aumento da expressdo do pré-miR-34a,
ocasionando um aumento na apoptose das células beta (68). At¢é o momento, o
polimorfismo rs2910164 no miR-146a é um dos mais estudados, tendo sido associado
com diferentes patologias, como diversos tipos de cancer (69-71), doencas autoimunes
(72, 73), polineuropatia diabética e neuropatia cardiovascular autonémica em pacientes
com DM tipo 2 (74) e DRD em pacientes com DM1 (75).

O polimorfismo rs2910164 esté localizado na sequéncia seed do pré-miR-146a-
3p (76) e o alelo mais raro desse polimorfismo (C) foi associado com alteragfes na
estrutura do pré-miR-146a, modificando a interacdo do miR-146a maduro com seus
alvos (69, 77). Jazdzewski e colaboradores (69) demonstraram que a presenca do alelo
C altera a eficacia de processamento do pré-miRNA em miRNA maduro, bem como
diminui a afinidade do miRNA pelos seus RNAm alvos. Por outro lado, um estudo
identificou uma maior expressdao do miR-146a associada ao gendtipo C/C em células
mononucleares de pacientes com doenca arterial coronariana (78). Park e colaboradores
(73) realizaram uma meta-analise com o objetivo de investigar a associacao entre trés
polimorfismos (rs2910164, rs57095329, rs2431697) no miR-146a e doengas
autoimunes. O alelo C do polimorfismo rs2910164 foi associado com risco para
esclerose multipla e com protecdo para psoriase, doenca de Behcet, asma e uveite. Por
outro lado, os alelos mais raros dos polimorfismos rs2431697 (C/T) e rs57095329 (A/G)
foram associados com risco para lUpus eritematoso sistémico. Alem disso,
polimorfismos no miR-155 e miR-375 foram associados com outras patologias, como
diversos tipos de cancer (79-81) e doencas cardiovasculares (82). Porém, polimorfismos

no miR-155 e miR-375 ainda ndo foram estudados no DM1.
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Dessa forma, percebemos que variagdes genéticas que alteram a especificidade
dos miRNAs por seu alvo ou que alteram os niveis de expressdo fisioldgicos desses
miRNAs podem ter consequéncias importantes na expressdo proteica dos genes alvos e,

assim, contribuir para o desenvolvimento de diversas patologias.
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2. JUSTIFICATIVA

Estatisticas mostram que o numero de individuos com DM1 esta aumentando e
providéncias se fazem necessarias para modificar a trajetoria dessa doenca que tem um
tratamento de elevado custo. O DM1 é geralmente diagnosticado quando >80% das
células beta sdo destruidas pelo sistema imune. Esta destrui¢do das células beta é lenta,
fornecendo uma janela de tempo para se identificar individuos em risco e talvez
prevenir o DM1. Atualmente, o desenvolvimento do DM1 pode ser predito pela
presenca de autoanticorpos contra as ilhotas pancreéticas; entretanto, esses anticorpos
aparecem aumentados apenas tardiamente no curso da doenga, ndo sendo biomarcadores
ideais da destruicdo das células beta. Dessa forma, a identificagdo de novos
biomarcadores podera melhorar a identificacdo de individuos em risco para 0 DM1 em
um periodo em que medidas preventivas podem ainda ser eficazes.

A DRD ¢ uma complicacdo microvascular que afeta cerca de 40% dos pacientes
com DML e esta associada com elevada morbidade e mortalidade em individuos jovens
em idade produtiva. A dosagem de albumina na urina tem sido utilizada como um
marcador laboratorial para predizer essa complicacdo; entretanto, estudos recentes
mostram que ha pacientes que desenvolvem a DRD antes que um aumento na
albumindria seja detectado. Assim, miRNAs circulantes tanto na urina quanto no sangue
periférico representam uma alternativa viavel para o monitoramento da DRD em
pacientes com DML1.

MiRNAs sdo moléculas de RNA pequenos ndo-codificantes que regulam
negativamente a expressdo génica. Mudancas na expresséo de mMiRNAs foram
observadas em diversas situacOes patoldgicas, incluindo doencas autoimunes.

Recentemente, mudancas no perfil de expressdo de miRNAs também foram relatadas
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em pacientes com DM1, com ou sem complicacdes cronicas, quando comparados a
individuos controles. Dentre os miRNAs diferencialmente expressos no DM1 ou na
DRD, os miRNAs circulantes séo de especial interesse como biomarcadores, pois
podem ser coletados facilmente, sdo estaveis sob diferentes condi¢des de estocagem e
também podem ser medidos usando-se técnicas especificas. Todavia, muitos estudos
ainda sdo necessarios para que um perfil de expressdo de miRNAs possa ser usado
como biomarcador para o desenvolvimento do DM1 ou de suas complicagdes cronicas,
como a DRD. Além disso, pouco se sabe sobre a associacdo entre polimorfismos em
genes codificadores de miRNAs e o desenvolvimento do DM1 ou de suas complicagdes
cronicas.

A identificacdo de perfis de expressdo de miRNAs que possam ser usados como
biomarcadores da destruicdo inicial das células beta no DM1 ou para o surgimento ou
prognodstico da DRD poderd contribuir para a busca da prevencdo do DM1 ou
diminuicdo da progressdo da DRD. Além disso, estudos que identifiguem o papel dos
miRNAs na modula¢do do sistema imune, funcdo das células beta ou fisiopatogénese da
DRD podem contribuir para a elucidacdo de importantes mecanismos regulatorios,

gerando potenciais alvos terapéuticos.
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3. OBJETIVO

3.1. Objetivos gerais

- Realizar uma revisédo sistemética dos estudos que investigaram a expressao de

miRNAs em pacientes com DML1 e individuos ndo-diabéticos.

- Investigar um perfil de expressdao de miRNAs no DML1.

- Avaliar a associacdo entre os polimorfismos rs6715345 (C/G) no miR-375,

rs2910164 (C/G) no miR-146a e rs767649 (A/C) no miR-155 e o DML1.

- Realizar uma revisdo sistemética dos estudos que investigaram a expressdo de

miRNAs em pacientes com DRD e em pacientes sem essa complicacgdo cronica do DM.

- Investigar um perfil de expressdo de miRNAs na DRD em pacientes com

DM1.

3.2  Objetivos especificos

- Realizar uma revisdo sistematica de todos os estudos de expressdo de miRNAs
em pacientes com DM1, visando identificar um perfil de miRNAs associado a esta

doenca.

- Avaliar a expressao de 48 miRNAs circulantes no plasma de pacientes com

DM1 (casos) e individuos nao-diabéticos (controles), atraves de PCR em tempo real
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usando-se TagMan Low Density Array cards (TLDA), os quais permitem a
quantificacdo relativa de todos estes miRNAs em um Unico experimento (anélise de

macroarray).

- Validar os resultados obtidos pela técnica de macroarray em uma segunda
amostra de pacientes com DML e individuos sem DM, utilizando a técnica de RT-

gPCR.

- Avaliar as distribui¢bes dos polimorfismos rs6715345 (C/G) no miR-375,
rs2910164 (C/G) no miR-146a e rs767649 (A/C) no miR-155 em pacientes com DM1

(casos) e individuos ndo-diabéticos (controles).

- Realizar uma revisdo sistematica de todos os estudos de expressdo de miRNAs
em pacientes com DRD, visando identificar um perfil de miRNAs associado com 0s

diferentes graus dessa complicacéo.

- Avaliar a expressdo de outros 48 miRNAs circulantes no plasma de pacientes
com DML1 sem DRD (controles) ou com diferentes graus de DRD (casos) através de

macroarray TLDA.

- Validar os resultados obtidos pela técnica de macroarray em uma segunda

amostra de pacientes com DM1 com e sem DRD, utilizando a técnica de RT-qPCR.
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Abstract

Growing evidence indicates that microRNAs (miRNAs) have a key role in processes Key Words
involved in type 1 diabetes mellitus (T1IDM) pathogenesis, including immune system
functions and beta-cell metabolism and death. Although dysregulated miRNA profiles
have been identified in TIDM patients, results are inconclusive; with only few miRNAs
being consistently dysregulated among studies. Thus, we performed a systematic review
of the literature on the subject, followed by bioinformatic analysis, to point out which
miRNAs are dysregulated in TIDM-related tissues and in which pathways they act. PubMed
and EMBASE were searched to identify all studies that compared miRNA expressions
between T1DM patients and non-diabetic controls. Search was completed in August,

2017. Those miRNAs consistently dysregulated in TIDM-related tissues were submitted to
bioinformatic analysis, using six databases of miRNA-target gene interactions to retrieve
their putative targets and identify potentially affected pathways under their regulation.
Thirty-three studies were included in the systematic review: 19 of them reported miRNA
expressions in human samples, 13 in murine models and one in both human and murine
samples. Among 278 dysregulated miRNAs reported in these studies, 25.9% were reported
in at least 2 studies; however, only 48 of them were analyzed in tissues directly related

to T1DM pathogenesis (serum/plasma, pancreas and peripheral blood mononuclear cells
(PBMCs)). Regarding circulating miRNAs, 11 were consistently dysregulated in T1IDM
patients compared to controls: miR-21-5p, miR-24-3p, miR-100-5p, miR-146a-5p,
miR-148a-3p, miR-150-5p, miR-181a-5p, miR-210-5p, miR-342-3p, miR-375 and miR-1275.
The bioinformatic analysis retrieved a total of 5867 validated and 2979 predicted
miRNA-target interactions for human miRNAs. In functional enrichment analysis of miRNA
target genes, 77 KEGG terms were enriched for more than one miRNA. These miRNAs are
involved in pathways related to immune system function, cell survival, cell proliferation
and insulin biosynthesis and secretion. In conclusion, eleven circulating miRNAs seem to be
dysregulated in TIDM patients in different studies, being potential circulating biomarkers
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Introduction

Type 1 diabetes mellitus (T1DM) is characterized by
autoimmune destruction of pancreatic beta-cells by T
lymphocytes and macrophages (1). The disease is usually
diagnosed when over 80-90% of beta-cells have been
destructed by the infiltrating immune system. T1DM
development is slow, providing a potentially long window
of time in which it is possible to identify and theoretically
treat individuals at risk (2, 3).

The first sign of autoimmunity against beta-cells,
frequently detectable a few months/years before the
appearance of clinical symptoms, is the occurrence
of antibodies against beta-cell antigens (4). These
autoantibodies are wused as biomarkers of T1DM
risk and are directed against insulin, glutamic acid
decarboxylase, zinc cation efflux transporter and tyrosine
phosphatases-2 and -2p (4). The presence of more than
two of these autoantibodies indicates high risk for
T1DM development (5, 6). However, the use of islet
autoantibodies as biomarkers of TIDM progression has
some limitations, especially because a subset of children
with new-onset T1IDM is negative for islet autoantibodies
(6), and many autoantibody-positive subjects will never
develop T1DM (2, 7). Moreover, autoantibodies cannot
be used as markers to initiate a potential treatment at
earlier stages of the disease when many beta-cells are
still present (2, 7). Thus, new biomarkers of TIDM are
necessary to complement the information obtained from
the presence of autoantibodies together with genetic and
environmental risk factors (8).

In this context, microRNAs (miRNAs)
are released in the circulation and might be used
as biomarkers to evaluate health status and disease
progression (2). miRNAs are a class of small noncoding
RNAs that negatively regulate gene expression by
partially pairing to the 3’, 5’ untranslated regions of their
target mRNAs, leading to translation repression and/or
transcript degradation (9, 10, 11). They have recognized
roles in the regulation of various processes, such as
cellular differentiation, proliferation, metabolism, aging
and apoptosis (10, 12). miRNAs are estimated to regulate
the expression of more than 60% of protein-coding genes
(9); consequently, changes in their expressions have been
linked to many diseases, including cancer, endocrine
disorders and autoimmune diseases (13, 14, 15).

Growing evidence suggests that miRNAs also play
a key role in immune system functions as well as in
beta-cell metabolism, proliferation and death, which
are processes involved in T1DM pathogenesis (2, 10,

several
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16, 17). Indeed, IL-1p and TNF inflammatory cytokines
were reported to induce miR-21-5p, miR-30b-3p, miR-34,
miR-101a and miR-146a-5p expressions in MING6 cells and
human pancreatic islets (18, 19), suggesting that these
miRNAs may have a role in cytokine-mediated beta-cell
destruction. miRNA-specific profiles were observed in
PBMC:s or serum from T1DM patients (20, 21, 22, 23, 24),
and some miRNAs seem to modulate mRNA expressions
of the major T1DM autoantigens (24, 25).

Several studies identified a large number of miRNAs
as being differentially expressed in T1DM samples (2, 10).
These studies were performed in cultured cells, body
fluids or solid tissue samples from T1DM patients or
murine models of the disease, using different techniques
to quantify gene expression. Consequently, findings
are inconsistent among studies; with only few miRNAs
actually being important signatures of TIDM. Therefore,
to further investigate which miRNAs may be used as
new potential biomarkers of T1DM, we performed
a systematic review of the literature on the subject.
Additionally, bioinformatic analyses were performed to
investigate the regulatory and functional roles of miRNAs
in T1DM. For this, six databases of miRNA-target gene
interactions were queried, including experimentally
validated and computationally predicted miRNA-target
gene interactions. The functional enrichment analysis
of miRNAs target genes was performed using pathways
annotation from the KEGG Pathway Database.

Methods
Search strategies and eligibility of relevant studies

This systematic literature search was designed and
described in accordance with current guidelines (26, 27).
PubMed and EMBASE repositories were searched to
identify all studies that evaluated miRNA expressions in
T1DM samples. The following medical subject headings
(MeSH) were used: (‘diabetes mellitus’ OR ‘type 1, diabetes
mellitus’) AND (‘microRNA’ OR ‘RNA, small untranslated’).
The search was restricted to English, Portuguese or Spanish
language papers and was completed on August, 2017. We
also manually checked the reference lists of all articles
retrieved to identify other important citations. To ensure
that relevant studies were not overlooked, searches in
Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo)
and Array Express (www.ebi.ac.uk/arrayexpress) databases
were also performed.
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We included original reports that analyzed miRNA
expressions in T1DM patients (cases) and non-diabetic
subjects (controls) or in murine model of this disease.
Studies that did not have a control group or studies
performed in cell lines were excluded. Two investigators
(TS A and B M S) independently reviewed titles and
abstracts of articles retrieved in order to evaluate whether
the studies were eligible for inclusion in this review.

Data extraction and quality assessment of each
individual study

Data were independently extracted by two investigators
(BM S and T S A) using a standardized abstraction form
(26), and consensus was sought in all extracted items.
Information extracted from each study in humans were
as follows: (1) characteristics of studies and samples; (2)
information regarding miRNA expression (method used
for quantification, tissue analyzed, number of miRNAs
analyzed) and (3) miRNA expression in groups. For those
studies performed in mice/rats, we also collected information
about the murine model analyzed. All miRNA names were
standardized based on miRBase v21 prior to analysis.

Two investigators (T S A and B M S) assessed the quality
of each eligible study using The Quality Assessment of
Diagnostic Accuracy Studies-2 (QUADAS-2) (28). This
tool comprises 4 key domains (patient selection, index
test, reference standard and flow/timing) supported by 7
questions to aid judgment on risk of bias, rating risk of bias
and concerns about applicability of studies. Each question
can be answered with ‘yes’, ‘no’ or ‘unclear’. Then, a score
of 1 is given for each ‘yes’ (low risk/high concern), a score
of 0.5 for each ‘unclear’ and a score of O for each ‘no’ (high
risk/low concern). Quality scores range from O to 7, with
studies being classified as having ‘good quality’ (scores
6-7), ‘fair’ (scores 4-5) and ‘poor quality’ (scores <3).

Additionally, we checked if the articles were
performed in accordance to Minimum Information about
a Microarray Experiment (MIAME) guideline, version
2.0 (29) or Minimum Information for Publication of
Quantitative Real-time PCR Experiments (MIQE) guideline
(30). Only articles in accordance with these guidelines
were included in the systematic review.

Bioinformatic prediction and analysis of miRNA’s
target genes

To investigate in greater depth the functional involvement
of miRNAs in T1DM, we selected those miRNAs that
were consistently dysregulated in T1DM-related tissues

6:775

(PBMCs, serum/plasma and pancreas) and performed
bioinformatic analysis to retrieve their putative targets
and identify potentially affected biological pathways
under their regulation (Supplementary Fig. 1, see section
on supplementary data given at the end of this article).
For this, we queried the databases miRTarbase release 6.1
(31) and starBase, v2.0 (32) of experimentally validated
data concerning miRNA-target interactions, restricting
the search for interactions classified as functional in
miRTarBase (33), and interactions predicted by two or
more software with at least one supporting experiment in
starBase. Moreover, we obtained the complete collection
of validated targets provided by miRecords. The union of
all interactions retrieved from the 3 queried sources was
considered as the set of validated miRNA-target gene
interactions in our study.

To complement the information derived from
experimental validation and search for additional
miRNA targets, we also applied in silico target prediction
algorithms for selected miRNA sequences using web-
based tools TargetScan, v7.1 (34), Diana MicroT-CDS (35)
and miRanda-mirSVR (August 2010 Release) (36, 37). To
control for false-positive rates, we adopted the following
filtering criteria: (1) for TargetScan, v7.1, we considered
interactions involving conserved miRNA sites and with
context++ scores <—0.1; (2) for Diana MicroT-CDS, we kept
interactions with prediction scores >0.7; (3) for miRanda-
mirSVR, we selected interactions involving conserved
miRNAs and with scores <—0.1; (4) the compilation
of miRNA-target interactions gathered from in silico
analysis was built based on target genes predicted by at
least 2 adopted computational tools. The combination of
validated and predicted miRNA-target interactions was
used for further analyses. miRNAs and gene identifiers
were mapped to miRBase, v21 and Human Gene
Nomenclature Committee (38, 39) or Mouse Genome
Information nomenclature (40, 41).

Next, weimplemented functional enrichment analysis
of miRNAs target genes using pathways annotation
from the KEGG Pathway Database (42, 43) and the
clusterProfiler package in R/Bioconductor environment
(44). This investigation was performed for targets of each
individual miRNA as well as for targets of miRNAs grouped
by tissue (PBMCs, serum/plasma or pancreas). Significance
for KEGG pathways enrichment was estimated with a
hypergeometric test and adjusted to account for multiple
hypotheses using the false discovery rate (FDR) procedure
implemented in the g-value R package (45). Pathways
with a g-value <0.05 were considered strongly enriched
for the genes targeted by selected miRNAs.
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Results

Literature search, characteristics of the eligible
studies and quality assessment

The flow diagram showing the strategy used to identify
and select studies for inclusion in this systematic review
is depicted in Fig. 1. According to the search criteria, a
total of 1738 publications were retrieved from databases;
however, after full text analysis, only 33 articles (20, 22,
23, 24, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58,
59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73,
74) fulfilled the eligibility criteria and were included in
the review. The main characteristics of these 33 articles
are shown in Table 1. Among these studies, 19 reported
miRNA expression profiles in human, 13 focused on
miRNA profiles in murine models, and only one analyzed
both human and murine samples (46). Sample sizes
ranged from 10 to 162 in studies that analyzed human
samples and from 6 to 60 in studies with murine models.
The number of miRNAs analyzed ranged from 1 to 847,
with the number of miRNAs differentially expressed
between groups varying from 1 to 136 (Table 1).
Regarding tissues analyzed, 24.1% of the studies
evaluated miRNA expression in serum/plasma samples,
20.7% in PBMCs/T cells, and 6.9% in pancreas tissue. The
remaining studies evaluated other tissues related to TIDM
chronic complications, such as urine, kidney, heart and
retina (Table 1). Two articles analyzed different tissues
(46, 52) and were considered separately, totalizing 36 studies.
Quality of each study included in this review was
assessed using QUADAS-2, as reported in the Methods
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section. Overall, most studies were considered as having
a good quality since 62.5% of studies received QUADAS-2
scores between 6 and 7 (Table 1). No study scored less
than 5.0.

Dysregulated miRNAs in T1IDM-related tissues

Out of 278 dysregulated miRNAs reported in 36
studies that compared T1DM patients and controls, 72
miRNAs (25.9%) were reported in at least two studies
(Supplementary Table 1). However, only 48 of them were
analyzed in tissues directly related to TIDM pathogenesis
(PBMCs, serum/plasma and pancreas). Hence, these 48
miRNAs were chosen for further evaluation (Table 2).
Eight miRNAs were consistently downregulated in
T1DM-related tissues from patients compared to controls
(miR-100-5p, miR-1275, miR-150-5p, miR-151-3p,
miR-146a-5p, miR-151-3p, miR-574-3p and miR-720),
while 10 miRNAs were upregulated in cases (miR-21-5p,
miR-24-3p, miR-25-3p, miR-27b-3p, miR-148a-3p,
miR-181a-5p, miR-210-5p, miR-375, miR-450a-2-3p and
miR-454-3p) (Fig. 2A and Table 2). Thirty miRNAs were
reported as being downregulated in cases from one study
and upregulated in cases from another study, possibly due to
the different tissues or species that were analyzed (Table 2).

miRNA expression profiles according to species

In subgroup analysis of species, 19 studies reported
expressions of 139 miRNAs in different tissues from T1DM
patients and controls, with 36 of these miRNAs being

Figure 1

Flowchart illustrating the search strategy used to
identify association studies of miRNAs expression
with type 1 diabetes for inclusion in the
systematic review.

=
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b= database search
5
=
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i -Other idiom (not English, Spanish or Portuguese) (n=27)
l - Duplicated studies (n=56)
£ - Articles excluded (n= 108):
3 Full text of the articles assessed for
i) o - - Not case-control , cross-sectional or cohort (n= 46)
= eligibility (n= 141)
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Table 2 miRNAs differently expressed in tissues related to TIDM analyzed in at least two studies.

miRNA ID First author (ref.) Species Sample type Change of expression
let-7a-5p Tian et al. (60) Mice Pancreas Down
Yang et al. (24) Human Pancreas Down
let-7¢-5p Tian et al. (60) Mice Pancreas Down
Yang et al. (24) Human Pancreas Down
let-7f-5p Takahashi et al. (23) Human PBMCs Up
Yang et al. (24) Human PBMCs Down
Tian et al. (60) Mice Pancreas Down
let-7g-5p Takahashi et al. (23) Human PBMCs Up
Erener et al. (71) Human Serum Up
Yang et al. (24) Human PBMCs Down
Tian et al. (60) Mice Pancreas Down
miR-10a-5p Nielsen et al. (22) Human Serum Up
Takahashi et al. (23) Human PBMCs Up
Tian et al. (60) Mice Pancreas Down
miR-100-5p Hezova et al. (49) Human T cells Down
Erener etal. (71) Human Serum Down
miR-126-3p Takahashi et al. (23) Human PBMCs Up
Tian et al. (60) Mice Pancreas Down
miR-1275 Takahashi et al. (23) Human PBMCs Down
Yang et al. (24) Human PBMCs Down
miR-146a-5p Yang et al. (24) Human PBMCs Down
Hezova et al. (49) Human T cells Up
Sebastiani et al. (68) Human Serum Down
Perez-Bravo et al. (69) Human PBMCs Down
Wang et al. 2017 (73) Human PBMCs Down
miR-148a-3p Nielsen et al. (22) Human Serum Up
Takahashi et al. (23) Human PBMCs Up
Seyhan et al. (70) Human Plasma Up
miR-148b-3p Takahashi et al. (23) Human PBMCs Up
Tian et al. (60) Mice Pancreas Down
miR-150-5p Estrella et al. (65) Human PBMCs Down
Wang et al. 2017 (73) Human PBMCs Down
miR-151-3p Hezova et al. (49) Human T cells Down
Tian et al. (60) Mice Pancreas Down
miR-154-3p Tian et al. (60) Mice Pancreas Up
Erener et al. (71) Human Serum Down
miR-15b Takahashi et al. (23) Human PBMCs Up
Yang et al. (24) Human PBMCs Down
miR-16-5p Takahashi et al. (23) Human PBMCs Up
Garcia-Contreras et al. (72) Human Plasma-derived exosome Down
Tian et al. (60) Mice Pancreas Down
miR-181a-5p Nielsen et al. (22) Human Serum Up
Nabih et al. (62) Human Serum Up
miR-199a-3p Takahashi et al. (23) Human PBMCs Up
Sebastiani et al. (68) Human Serum Down
miR-19a-3p Takahashi et al. (23) Human PBMCs Up
Tian et al. (60) Mice Pancreas Down
miR-200c-3p Nielsen et al. (22) Human Serum Up
Yang et al. (24) Human PBMCs Down
miR-20b-5p Hezova et al. (49) Human T cells Down
Takahashi et al. (23) Human PBMCs Up
miR-210-5p Nielsen et al. (22) Human Serum Up
Osipova a et al. (52) Human Serum Up
miR-21-5p Seyhan et al. (70) Human Plasma Up
Nielsen et al. (22) Human Serum Up
Osipova et al. (52) Human Serum Up
Takahashi et al. (23) Human PBMCs Up
miR-221-3p Erener et al. 2017 (71) Human Serum Up
Yang et al. (24) Human PBMCs Down
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Table 2 Continued.

miRNA ID First author (ref.) Species Sample type Change of expression
miR-22-3p Yang et al. (24) Human PBMCs Down
Estrella et al. (65) Human PBMCs Up
miR-24-3p Seyhan et al. (70) Human Plasma Up
Erener et al. 2017 (71) Human Serum Up
Nielsen et al. (22) Human Serum Up
miR-25-3p Nielsen et al. (22) Human Serum Up
Garcia-Contreras et al. (72) Human Plasma-derived exosome Up
Erener et al. 2017 (71) Human Serum Up
Yang et al. (24) Human PBMCs Down
miR-26a-5p Nielsen et al. (22) Human Serum Up
Ma et al. (61) Mice Pancreas Down
Tian et al. (60) Mice Pancreas Down
miR-26b-5p Nielsen et al. (22) Human Serum Up
Takahashi et al. (23) Human PBMCs Up
Tian et al. (60) Mice Pancreas Down
miR-27a-3p Nielsen et al. (22) Human Serum Up
Tian et al. (60) Mice Pancreas Down
miR-27b-3p Nielsen et al. (22) Human Serum Up
Takahashi et al. (23) Human PBMCs Up
miR-30b-3p Tian et al. (60) Mice Pancreas Up
Yang et al. (24) Human PBMCs Down
miR-324-3p Tian et al. (60) Mice Pancreas Down
Erener et al. 2017 (71) Human Serum Up
miR-324-5p Takahashi et al. (23) Human PBMCs Down
Erener et al. 2017 (71) Human Serum Up
Tian et al. (60) Mice Pancreas Down
miR-32-5p Takahashi et al. (23) Human PBMCs Up
Tian et al. (60) Mice Pancreas Down
miR-335-5p Hezova et al. (49) Human T cells Down
Takahashi et al. (23) Human PBMCs Up
miR-342-3p Takahashi et al. (23) Human PBMCs Down
Sebastiani et al. (68) Human Serum Up
Yang et al. (24) Human PBMCs Down
miR-375 Erener et al. (63) Mice Plasma Up
Marchand et al. (66) Human Serum Up
Sebastiani et al. (68) Human Serum Down
Seyhan et al. (70) Human Plasma Up
miR-377-3p Sebastiani et al. (68) Human Serum Down
Erener et al. 2017 (71) Human Serum Up
miR-378 Erener et al. (63) Mice Plasma Up
Garcia-Contreras et al. (72) Human Plasma-derived exosome Down
miR-424-5p Wang et al. 2017 (73) Human PBMCs Down
Takahashi et al. (23) Human PBMCs Up
miR-450a-2-3p Takahashi et al. (23) Human PBMCs Up
Tian et al. (60) Mice Pancreas Up
miR-454-3p Takahashi et al. (23) Human PBMCs Up
Erener et al. 2017 (71) Human Serum Up
miR-490-5p Tian et al. (60) Mice Pancreas Up
Erener et al. 2017 (71) Human Serum Down
miR-574-3p Garcia-Contreras et al. (72) Human Plasma-derived exosome Down
Tian et al. (60) Mice Pancreas Down
miR-720 Takahashi et al. (23) Human PBMCs Down
Erener et al. 2017 (71) Human Serum Down
miR-9-3p Tian et al. (60) Mice Pancreas Up
Sebastiani et al. (68) Human Serum Down
miR-98-5p Takahashi et al. (23) Human PBMCs Up
Tian et al. (60) Mice Pancreas Down
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Moreover, 3 miRNAs (miR-151-3p, let-7a-Sp and
let-7c-5p) were downregulated in pancreas from diabetic
mice as well as PBMCs/T cells from T1DM patients
compared to the respective control groups. Inversely,
several miRNAs were downregulated in pancreas from
diabetic mice but upregulated in PBMCs or serum/plasma

from T1DM patients (Table 2), which might reflect
differential expression in tissues and/or species.

Serum/
Plasma

Perturbed pathways in type 1 diabetes mellitus

Bioinformatic analyses were performed to retrieve putative
targets and pathways potentially modulated by 12 miRNAs
(hsa-miR-21-5p, hsa-miR-24-3p, = mmu-miR-26a-5p,
hsa-miR-100-5p, hsa-miR-146a-5p, hsa-miR-148a-3p,
has-miR-150-5p, hsa-miR-181a-5p, hsa-miR-210-5p, hsa-
miR-342-3p, hsa-miR-375 and hsa-miR-12735) consistently
dysregulated in T1DM-related tissues. Species prefixes were
used in miRNA identifiers to clearly designate the species
under consideration while reporting these results. First,
we searched for targets of these miRNAs using 6 distinct
resources, including experimentally validated databases
and prediction programs (Supplementary Fig. 1). A total
of 5867 validated and 2979 predicted miRNA-target
interactions were retrieved for human miRNAs, while 573

e Down: miR-26a-5p

Pancreas

Figure 2

miRNA expression analyzed in at least two studies
considering their expression profile in all tissues
analyzed independently of the species (A). miRNA
expression profile between the species (B). miRNA
expression profile in tissues related to TIDM
pathogenesis (C).

validated and 453 predicted interactions were retrieved for
the mmu-miR-26a-5p (Table 3; Supplementary Table 2).

After target prediction, we performed functional
enrichment analysis of miRNA target genes using
pathway maps from the KEGG Pathway Database,
aiming to better understand the biological pathways
affected by the selected miRNAs. Out of 518 pathways
annotated in KEGG Database (accessed in August
2017), a total of 127 pathways were significantly
overrepresented (g-value <0.05) in the putative target
lists analyzed, and 77 KEGG terms were enriched for
more than one miRNA. Targets of hsa-miR-21-5p,
hsa-miR-24-3p, mmu-miR-26a-5p, hsa-miR-100-5p,
hsa-miR-146a-5p, hsa-miR-148a-3p, hsa-miR-150-5p
hsa-miR-181a-5p, hsa-miR-342-5p and hsa-miR-375 are
involved in several pathways (Supplementary Table 3),
many of them having a recognized role in T1DM
pathogenesis, such as TNF, MAPK, Jak-STAT, PI3K-AKkt,
apoptosis, insulin, toll-like receptors (TLRs) and T cell
receptor (TCR) signaling pathways (Supplementary
Table 3). No significantly enriched KEGG terms were
found for hsa-miR-210-5p and hsa-miR-1275, probably
due to the small number of retrieved targets (40 and
121, respectively), as well as for hsa-miR-150-5p despite
its broad regulatory action.
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Table 3 Number of miRNA-target interactions for each
analyzed miRNA considered individually and grouped by
tissue related to TIDM.

Validated Predicted

miRNA/tissue interactions interactions
Analysis by hsa-miR-1275 121 -
miRNA
has-miR-100-5p 279 14
hsa-miR-146a-5p 300 409
hsa-miR-148a-3p 621 375
has-miR-150-5p 637 433
hsa-miR-181a-5p 1159 361
hsa-miR-21-5p 725 198
has-miR-24-3p 1052 450
hsa-miR-210-5p 40 -
hsa-miR-342-3p 433 436
hsa-miR-375 500 303
mmu-miR-26a-5p 573 453
Analysis by PBMCs 1491 1278
tissue related
to T1IDM
Serum/Plasma 4376 1701
Pancreas 573 453

PBMCs, peripheral blood mononuclear cells.

Considering different T1DM-related tissues, results
indicated 2539 targets in PBMCs, 4665 targets in serum/
plasma and 1026 targets in pancreas for the selected

miRNAs (Table 3), where numbers reflect the size of the
non-redundant set of target genes found for the group
of miRNAs differentially expressed in each T1DM-related
tissue. Forty-five significant KEGG pathways were found
for targets of miRNAs dysregulated in PBMCs, which
included NF-KB, apoptosis and neurotrophin signaling
pathways. Similarly, 17 KEGG terms were found in
pancreas, including Wnt and phosphatidylinositol
signaling pathways. For serum and plasma, 94 significant
KEGG terms were found, comprising signaling pathways
by TNE Jak-STAT, MAPK, TCR and insulin as well as
pathways associated to protein processing in endoplasmic
reticulum and apoptosis, which have key roles in T1DM
pathogenesis (Supplementary Table 4; Fig. 3).

Next, we searched for KEGG terms linked to T1IDM
pathogenesis regardless of the functional enrichment
analysis of miRNA targets and found 5 significant
signaling pathways associated with this disease: type
1 diabetes (KEGG hsa04949), TCR (KEGG hsa04660),
cytokine-cytokine  receptor  interaction (KEGG
hsa04060), Jak-STAT (KEGG hsa04630) and neurotrophin
(KEGG hsa04722). Then, TCR and Jak-STAT pathways
were selected for further detailed analysis since they are
targeted by most of the miRNAs in the list of interest
(11 miRNAs each).
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Figure 3

KEGG pathway functional annotation of the differentially miRNAs expressed in PBMCs (A), serum/plasma (B) and pancreas (C). Enrichment scores

corresponding to each pathway are displayed as number of targets.
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and the thick lines indicate validated miRNA-mRNA interactions.

In the TCR signaling pathway (Fig. 4), miR-181a-5p
directly targets mRNAs for CD4* and CD8* cell receptors.
Moreover, this miRNA post-transcriptionally regulates
genes associated with PI3K-Akt (PI3K, Akt, COT), actin
cytoskeleton (PAK4) and ubiquitin mediated proteolysis
(CBL) pathways, which are triggered after activation
of T cell and co-stimulatory receptors. miR-21-5p
targets mRNAs from MAPK (Ras, ErkSOS and RasGRPI)
and ubiquitin-mediated proteolysis (FYN) pathways.
Furthermore, miR-146a-5p targets mRNAs from MAPK
(Ras) and NF-xB signaling pathways. miR-148a-5p,
miR-100-5p, miR-24-3p and miR-150-5p target mRNAs
from ubiquitin-mediated proteolysis (CBL), PI3K-Akt,
NF-xB and MAPK pathways (Fig. 4).

In the Jak-STAT signaling pathway (Fig. 9),
miR-21-5p, miR-24-3p, miR-181a-5p and miR-210-5p
target mRNAs for different cytokine and hormone
receptors, such as IL6R, LIFR, IL2RB and IFNLR1. miR-375

targets JAK2 mRNA while miR-181a-5p and miR-21-5p
bind to STAT3 mRNA. In addition, miR-375, miR-181a-5p,
miR-146a-5p, miR-148a-3p, miR-100-5p, miR-150-5p and
miR-21-5p target different mRNAs codifying proteins
related to apoptosis (BCL2, SOCS, PIAS and MCL1), cell
cycle progression (cMyc), cell cycle inhibition (p21),
proliferation and differentiation (SHP2, SOS and Ras) and
cell survival (PI3K and Akt) (Fig. 5).

Discussion

Since the exact origin of TIDM remains uncertain, the
discovery of novel biomarkers and their implications
in T1IDM pathogenesis may contribute to a better
understanding of the mechanisms involved in this disease.
Clinically, new biomarkers might enable an earlier T1DM
diagnosis as well as a more adequate treatment of TIDM
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patients, improving their quality of life (23). Circulating
miRNAs are ideal biomarkers because they are stable and
resistant to degradation by ribonucleases or repeated
freezing/thawing cycles and can be easily detected in
body fluids by highly sensitive and specific quantitative
RT-PCR (2). Thus, as part of the ongoing effort to identify
a profile of circulating miRNAs as biomarkers of T1DM, we
performed a systematic review of studies that evaluated
miRNA expressions in tissues from T1DM patients and non-
diabetic controls. Eleven circulating miRNAs (miR-21-5p,
miR-24-3p, miR-100-5p, miR-146a-5p, miR-148a-3p,
miR-150-5p, miR-181a-5p, miR-210-5p, miR-342-3p,
miR-375 and miR-1275) were consistently dysregulated
in T1DM patients, suggesting that they may be potential
minimally invasive biomarkers of this disease.
miR-21-5p, miR-24-3p, miR-148a-3p, miR-181a-5p,
miR-210-5p and miR-375 seem to be upregulated in
serum/plasma or PBMCs from T1DM compared to controls

(Table 2). Emerging studies have indicated diverse roles
of miR-21-5p in immunity (75). Particularly, this miRNA
acts in TCR signaling transduction, augmenting T cell
proliferation (76); regulates Th1 vs Th2 responses (77) and
Treg development (78) and is a key mediator of the anti-
inflammatory response in macrophages (79). miR-21-5p
also appears to have anti-inflammatory and anti-apoptotic
effects since it inhibits the proinflammatory tumor
suppressor programed cell death protein 4 (PDCD4),
which promotes the activation of NF-KB and suppresses
IL-10 (80). Several studies have reported increased
miR-21-5p expression in diseases characterized by
impaired immune responses, including asthma, cancer,
rheumatoid arthritis (RA), systemic lupus erythematosus
(SLE), chronic bacterial and viral infections (14, 79, 81, 82)
and T1DM (reviewed here).

The role of miR-21-5p in beta-cells has not yet been
clearly elucidated, but its function also seems to rely on the
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effect of cytokines via NF-KB (83). IL-1p and TNF strongly
induce miR-21-Sp expression in both insulin-secreting
MING cells and human islets (18). Moreover, miR-21-5p
expression was increased during the development of pre-
diabetic insulitis in islets from NOD mice, possibly as a
protective response since miR-21-5p knockdown in MIN-6
cells promoted apoptosis (18). Accordingly, Ruan and
coworkers (84) reported that NF-KB activated miR-21-5p
in beta-cells, decreasing PDCD4 levels, inhibiting NF-KB
activity in a negative regulatory loop, thus rendering
beta-cells resistant to death. In contrast, Backe and
coworkers (85) showed that miR-21-5p overexpression
potentiated cell death after exposure to proinflammatory
cytokines, leading to a reduced beta-cell number. Also,
overexpression of miR-21-5p led to impaired glucose-
stimulated insulin secretion through decreased VAMP2
expression, a secretory granule protein that is essential for
insulin exocytosis (18).

miR-148a-3p is a potent regulator of B cell tolerance
and autoimmunity through suppression of GADD45a,
PTEN and BCL2I11 expressions (86). In agreement with
this study, Pan and coworkers (81) showed elevated
miR-148a-3p and miR-21-5p expression in CD4* T cells of
SLE patients, which contributed to DNA hypomethylation
by targeting the DNA methyltransferase 1 (DNMT1).
Melkman-Zehavi and coworkers (87) reported that
knockdown of miR-148a-3p in primary islets from mice
or cultured beta-cells decreased insulin promoter activity
and insulin mRNA levels.

miR-181a-5p also has a recognized role in the
immune system (17, 88). This miRNA increases CD19*
B populations and regulates T cell function (17, 89, 90,
91). miR-181a-5p seems to ‘tune’ TCR signal strength
by targeting tyrosine phosphatases SHP-2, PTPN22 and
DUSP5/6, which enhances the basal activation of the
TCR signaling molecules LcK and Erk, thus having an
important role in thymic positive and negative selection
(17, 88, 90). Xie and coworkers (92) reported that LPS and
STZ strongly induced miR-181a-5p in macrophages from
mice. Moreover, this miRNA was upregulated in patients
with RA, which correlated with levels of proinflammatory
cytokines (92). In this context, miR-181a-5p seems to
have an anti-inflammatory function since it inhibited the
increase of IL-1p, IL-6 and TNF in macrophages treated
with LPS (93).

miR-210-5p is currently considered as a ‘master
miRNA’ of hypoxic response as it was found upregulated
by hypoxia in several cell types analyzed (94, 95).
Consequently, miR-210-5p has been linked to various
cancers and cardiovascular diseases (95, 96, 97, 98).

6:785

Targets of this miRNA are involved in mitochondrial
metabolism, angiogenesis, DNA repair and cell survival
(95). Given that miR-210-5p targets many mitochondrial
components, it is not surprising that manipulation of this
miRNA leads to mitochondrial dysfunction and oxidative
stress (94).

miR-375 is the most abundant miRNA detected in islets
and is important for the development and maintenance
of normal alpha- and beta-cell mass and insulin synthesis
and secretion (16, 99, 100). Consequently, this miRNA
has been proposed as a biomarker to detect beta-cell
death and to predict the development of T1IDM (2, 63,
66). Accordingly, massive beta-cell loss elicited by
administration of STZ in C57BL/6 mice caused a dramatic
increase in circulating levels of miR-375 (63). Moreover,
plasma levels of this miRNA were increased in NOD mice
2 weeks before the onset of TIDM (63).

miR-24-3p seems to mark better preserved beta-
cell function and/or insulin sensitivity 12 months after
diagnosis (101). Moreover, this miRNA was elevated in
serum of T1DM children (22), and its overexpression has
been shown to inhibit beta-cell proliferation and insulin
secretion (102).

miR-146a-5p, miR-150-5p, miR-342-3p, miR-1275
and miR-100-5p seem to be downregulated in serum/
plasma or PBMCs from T1DM patients (Table 2).
miR-146a-5p regulates Treg-mediated suppression of [FNy-
dependent Th1l responses and associated autoimmunity
by directly targeting STAT-1 (103), which was confirmed
in our bioinformatic analysis (Supplementary Table 3).
This miRNA has also a recognized role in innate immunity
by negatively regulating the inflammatory response
after recognition of bacterial components by TLRs on
monocytes and macrophages (104). Upon activation by
TNF and IL-1p (18), this miRNA downregulates TRAF-
6 and IRAK-1 expressions, decreasing NF-KB activity,
which seems to be a fine-tuning mechanism that prevents
the overstimulation of the TLR pathway (104, 105). In
disagreement with the downregulation of miR-146-5p in
serum/PBMCs from T1DM patients, Roggli and coworkers
(18) reported that this miRNA was increased in islets from
NOD mice during development of insulitis. Blocking
miR-146a-5p protected MIN6 cells from cytokine-
induced apoptosis and also prevented the reduction in
glucose-stimulated insulin secretion observed after IL-1p
exposure (18).

Although literature on miR-100 is sparse, it has
been implicated in some types of cancer (106, 107, 108)
and tissue differentiation (109, 110, 111). Expression
of circulating miR-100-Sp was significantly decreased
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in obese normoglycemic subjects and subjects with
type 2 diabetes mellitus (T2DM) compared to healthy,
lean individuals. Moreover, in visceral adipose tissue,
expression of miR-100 was lower in obese subjects with
T2DM compared to obese subjects without T2DM (112).

miR-342-3p has been found to be dysregulated in
different cancers (113, 114, 115), SLE (14), obesity (116,
117), diabetic kidney disease (118), T2DM and gestational
diabetes (119). It is involved in beta-cell differentiation
and maturation by targeting FOXAZ2 and MAFB (120).
Furthermore, miR-342-3p was downregulated in human
leukocytes in response to LPS (121) and in Tregs from
T1DM patients (49), suggesting that this miRNA may
be involved in the development of autoimmunity and
inflammation in T1DM patients.

Only a few studies have analyzed miR-1275
expression in different diseases. Due to its downregulation
in certain cancers, miR-1275 has been referred to as
a tumor suppressor (122, 123, 124, 125). In a HuH-7
hepatocarcinome cell line, miR-1275 overexpression
suppressed IGF2BP expression, effectively impairing
tumor cell proliferation, migration, viability and colony
formation (124). The role of this miRNA in autoimmunity
and beta-cell function is unknown.

Bezman and coworkers (126) showed that miR-150
plays a critical role in the innate immune system, and
decreased expression level of miR-150-5p was negatively
associated with GADA autoantibody titers, independently
of hyperglycemia and disease duration (73).

Our bioinformatic analysis suggest that miR-21-5p,
miR-24-3p, miR-100-5p, miR-146a-5p, miR-148a-3p,
miR-150-5p, miR-181a-5p, miR-210-5p, miR-342-3p,
miR-375 and miR-1275 significantly regulate several
mRNAs from pathways related to immune system and
T1DM pathogenesis, such as MAPK, Jak-STAT, NF-KB,
PI3K-AKkt, apoptosis, TNF, TLRs, insulin and TCR signaling
pathways (Figs 3, and ). This might help to raise
hypothesis about genes and pathways under influence of
these circulating miRNAs.

Regarding the pathway analysis methods, there
are many tools in literature that provide support for
this type of investigation. Nonetheless, they are very
similar as they all calculate the enrichment P values
of pathways for a user pre-selected list of genes
using a statistical test and a database with functional
annotation that links genes to biological pathways. In
addition, the hypergeometric test, which we adopted
in our paper, has been widely applied in literature
and previous studies discuss that when identifying
significant pathways, the differences among the
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statistical methods will not be dramatic (127). The
functional annotation has been traditionally performed
in literature using annotations derived either from
Gene Ontology (GO) or KEGG Pathway. KEGG Pathway
Database has less annotated terms compared to GO, but
it covers a wide range of molecular mechanisms and
diseases, providing a graphical description of pathways,
which is an important resource in the interpretation
of results. Thus, bioinformatic tools used in this study
provide robust data, which might be very similar to
those generated using different tools.

In conclusion, thissystematicreview and bioinformatic
analysis suggest that 11 circulating miRNAs (miR-21-5p,
miR-24-3p, miR-100-5p, miR-146a-5p, miR-148a-3p,
miR-150-5p, miR-181a-5p, miR-210-5p, miR-342-3p,
miR-375 and miR-1275) are consistently dysregulated in
T1DM patients. Further studies aiming at clarifying the
specific role of these 11 miRNAs in pancreatic islets and
islet-infiltrating immune cells are needed to shed light if
they are biomarkers of T1DM and which are their specific
roles in beta-cell function.
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Supplementary Table 1. miRNAs analyzed in all studies included in the systematic review

miRNA ID First author Specie Sample type Change of expression
let-7a-5p Tian et al. Mice Pancreas Down
Yang et al. Human Pancreas Down
let-7¢c-5p Tian et al. Mice Pancreas Down
Yang et al. Human Pancreas Down
let-7d-5p Tian et al. Mice Pancreas Down
let-7e-5p Erener et al. Human Serum Up
let-7f-5p Takahashi et al. Human PBMCs Up
Yang et al. Human PBMCs Down
Tian et al. Mice Pancreas Down
let-7g-5p Takahashi et al. Human PBMCs Up
Erener et al. Human Serum Up
Yang et al. Human PBMCs Down
Tian et al. Mice Pancreas Down
let-71-5p Yang et al. Human PBMCs Down
miR-10a-5p Nielsen et al. Human Serum Up
Takahashi et al. Human PBMCs Up
Tian et al. Mice Pancreas Down
miR-10b-5p Tian et al. Mice Pancreas Down
miR-100-5p Hezova et al. Human T cells Down
Erener et al. Human Serum Down
miR-101-3p Takahashi et al. Human PBMCs Up
miR-101a-3p Tian et al. Mice Pancreas Down
miR-101b-3p Tian et al. Mice Pancreas Down
miR-103a-3p Nielsen et al. Human Serum Up
Bacon et al. Human Urine Up
miR-103a-2-5p Erener et al. Human Serum Up
miR-107 Sebastiani et al. Human Serum Down
miR-1179 Qing et al. Human Retina Up
miR-1187 Tian et al. Mice Pancreas Down
miR-122-5p Li et al. Mice Liver Down
miR-1231-3p Tian et al. Mice Pancreas Up
miR-1247-5p Tian et al. Mice Pancreas Up
miR-1249-3p Tian et al. Mice Pancreas Up
miR-1255b Qing et al. Human Retina Up
miR-125a-3p Erener et al. Human Serum Up
miR-125a-5p Sebastiani et al. 2017 Human T cells Up
miR-125b Hezova et al. Human T cells Down
miR-126-3p Takahashi et al. Human PBMCs Up
Garciade la Torreetal. Human EPC Up
Tian et al. Mice Pancreas Down
Osipova et al. Human Urine Down
miR-126-5p Takahashi et al. Human PBMCs Up
miR-1275 Takahashi et al. Human PBMCs Down
Yang et al. Human PBMCs Down
miR-1276 Yang et al. Human PBMCs Down
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miR-1301 Yang et al. Human PBMCs Up
miR-130a-3p Barutta et al. Human Urine Up
miR-132-5p Tian et al. Mice Pancreas Up
miR-133a-3p Tian et al. Mice Pancreas Up
miR-134 Nielsen et al. Human Serum Up
miR-137-5p Xiong et al. Rat Retina Up
Tian et al. Mice Pancreas Up
miR-139-5p Tian et al. Mice Pancreas Up
miR-140-3p Takahashi et al. Human PBMCs Down
miR-140-5p Erener et al. Human Serum Up
miR-142-3p Diao et al. Mice Heart Up
Tian et al. Mice Pancreas Down
miR-143-3p Diao et al. Mice Heart Down
Tian et al. Mice Pancreas Down
miR-144-5p Erener et al. Human Serum Up
miR-145-5p Barutta et al. Human Urine Up
Barutta et al. Mice Glomeruli Up
Barutta et al. Mice Exossome Up
miR-146a-5p Yang et al. Human PBMCs Down
Emadi et al. Rat Aorta Down
Hezova et al. Human T cells Up
Wang et al. Rat Retina Up
Yousefzadeh et al. Rat Sciatic nerve Up
Alipour et al. Rat Kidney Up
Sebastiani et al. Human Serum Down
Perez-Bravo et al. Human PBMCs Down
Wang et al. 2017 Human PBMCs Down
miR-1468 Erener et al. Human Serum Up
miR-148a-3p Nielsen et al. Human Serum Up
Takahashi et al. Human PBMCs Up
Seyhan et al. Human Plasma Up
Qing et al. Human Retina Up
miR-148b-3p Takahashi et al. Human PBMCs Up
Tian et al. Mice Pancreas Down
miR-150-5p Estrella et al. Human PBMCs Down
Wang et al. 2017 Human PBMCs Down
miR-151-3p Hezova et al. Human T cells Down
Tian et al. Mice Pancreas Down
miR-152 Nielsen et al. Human Serum Up
miR-154-3p Tian et al. Mice Pancreas Up
Erener et al. Human Serum Down
miR-155-5p Barutta et al. Human Urine Down
Sebastiani et al. Human Serum Down
miR-15a-5p Tian et al. Mice Pancreas Down
miR-15b Takahashi et al. Human PBMCs Up
Yang et al. Human PBMCs Down
miR-16-5p Takahashi et al. Human PBMCs Up
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Garcia-Contreras etal. Human  Exossome plasmatic Down
Tian et al. Mice Pancreas Down
miR-17-5p Tian et al. Mice Pancreas Down
miR-18a-5p Erener et al. Human Serum Up
miR-181a-5p Nielsen et al. Human Serum Up
Nabish et al. Human Serum Up
miR-181c-5p Qing et al. Human Retina Up
miR-182-5p Erener et al. Human Serum Up
miR-183a-5p Erener et al. Human Serum Up
miR-184 Kovacs et al. Rat Retina Up
miR-185 Tian et al. Mice Pancreas Down
miR-186-5p Takahashi et al. Human PBMCs Up
miR-18b-5p Takahashi et al. Human PBMCs Up
miR-190a-5p Sebastiani et al. Human Serum Up
miR-191-5p Hezova et al. Human T cells Down
miR-192-5p Erener et al. Human Serum Up
miR-194-2-3p Tian et al. Mice Pancreas Up
miR-1948-5p Tian et al. Mice Pancreas Down
miR-1953 Tian et al. Mice Pancreas Up
miR-195-5p Diao et al. Mice Heart Up
Takahashi et al. Human PBMCs Up
miR-1956 Tian et al. Mice Pancreas Up
miR-199a-3p Diao et al. Mice Heart Up
Kovacs et al. Rat Retina Up
Takahashi et al. Human PBMCs Up
Sebastiani et al. Human Serum Down
miR-199a-5p Nielsen et al. Human Serum Up
miR-19a-3p Takahashi et al. Human PBMCs Up
Tian et al. Mice Pancreas Down
miR-19b-3p Yang et al. Human PBMCs Down
miR-1a-3p Diao et al. Mice Heart Down
miR-200a-3p Kovacs et al. Rat Retina Up
Tian et al. Mice Pancreas Down
miR-200b-3p Kovacs et al. Rat Retina Up
miR-200c-3p Nielsen et al. Human Serum Up
Yang et al. Human PBMCs Down
miR-201-3p Tian et al. Mice Pancreas Up
miR-203a-3p Xiong et al. Rat Retina Up
miR-205-5p Kovacs et al. Rat Retina Up
miR-208a-3p Diao et al. Mice Heart Up
miR-20a-5p Diao et al. Mice Heart Down
Takahashi et al. Human PBMCs Up
miR-20b-5p Hezova et al. Human T cells Down
Kovacs et al. Rat Retina Down
Takahashi et al. Human PBMCs Up
miR-210-5p Nielsen et al. Human Serum Up
Osipova b et al. Human Urine Up
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Osipova a et al. Human Serum Up
miR-212-3p Xiong et al. Rat Retina Up
miR-21-5p Diao et al. Mice Heart Up
Nielsen et al. Human Serum Up
Osipova et al. Human Serum Up
Takahashi et al. Human PBMCs Up
Qing et al. Human Retina Up
Seyhan et al. Human Plasma Up
Osipova et al. Human Urine Up
miR-214-5p Erener et al. Human Serum Up
miR-216a-5p Kato et al. Mice Kidney Up
Xiong et al. Rat Retina Up
Tian et al. Mice Pancreas Down
miR-219-1-3p Xiong et al. Rat Retina Up
Tian et al. Mice Pancreas Up
miR-21a Salas-Perez et al. Human PBMCs Down
miR-220b Diao et al. Mice Heart Down
miR-221-3p Diao et al. Mice Heart Up
Yang et al. Human PBMCs Down
Erener et al. 2017 Human Serum Up
Garcia de la Torreetal. Human EPC Up
miR-222-3p Erener et al. 2017 Human Serum Up
miR-223-3p Kovacs et al. Rat Retina Up
miR-22-3p Yang et al. Human PBMCs Down
Estrella et al. Human PBMCs Up
miR-224-5p Bacon et al. Human Urine Up
miR-23a-3p Yang et al. Human PBMCs Down
miR-23b-3p Erener et al. Human Serum Up
miR-24-1-5p Qing et al. Mice Retina Up
miR-24-3p Diao et al. Mice Heart Up
Erener et al. 2017 Human Serum Up
Seyhan et al. Human Plasma Up
miR-25-3p Nielsen et al. Human Serum Up
Garcia-Contreras etal. Human  Plasmatic-exosome Up
Erener et al. 2017 Human Serum Up
Yang et al. Human PBMCs Down
miR-26a-5p Nielsen et al. Human Serum Up
Ma et al. Mice Pancreas Down
Tian et al. Mice Pancreas Down
miR-26b-5p Nielsen et al. Human Serum Up
Takahashi et al. Human PBMCs Up
Tian et al. Mice Pancreas Down
miR-27a-3p Nielsen et al. Human Serum Up
Tian et al. Mice Pancreas Down
miR-27b-3p Nielsen et al. Human Serum Up
Takahashi et al. Human PBMCs Up
miR-28-5p Yang et al. Human PBMCs Down
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miR-28a-5p Tian et al. Mice Pancreas Down
miR-292-5p Tian et al. Mice Pancreas Up
miR-296-3p Tian et al. Mice Pancreas Up

miR-29a-3p Diao et al. Mice Heart Down

Yang et al. Human PBMCs Down
miR-29b-3p Nielsen et al. Human Serum Up
Silva et al. Rat Retina Up
miR-301a-3p Takahashi et al. Human PBMCs Up
miR-302a-3p Tian et al. Mice Pancreas Up
miR-302b-5p Tian et al. Mice Pancreas Up

miR-302d Garcia-Contreras etal. Human Exossome plasmatic Down
miR-3058-3p Tian et al. Mice Pancreas Up
miR-3070a-5p Tian et al. Mice Pancreas Up
miR-3078-3p Tian et al. Mice Pancreas Up
miR-3081-3p Tian et al. Mice Pancreas Up

miR-3082-5p Tian et al. Mice Pancreas Down

miR-3086-3p Tian et al. Mice Pancreas Down
miR-3090-5p Tian et al. Mice Pancreas Up
miR-3095-5p Tian et al. Mice Pancreas Up
miR-30b-3p Tian et al. Mice Pancreas Up

Yang et al. Human PBMCs Down

miR-30b-5p Tian et al. Mice Pancreas Down

miR-30c-5p Yang et al. Human PBMCs Down
miR-30e-3p Takahashi et al. Human PBMCs Up
miR-30e-5p Erener et al. 2017 Human Serum Up
miR-3102-3p Tian et al. Mice Pancreas Up
miR-3105-3p Tian et al. Mice Pancreas Up
miR-3105-5p Tian et al. Mice Pancreas Up
miR-3109-5p Tian et al. Mice Pancreas Up
miR-31-3p Kovacs et al. Rat Retina Up

miR-31-5p Hezova et al. Human T cells Down
Kovacs et al. Rat Retina Up
miR-320a Nielsen et al. Human Serum Up
miR-320b Yang et al. Human PBMCs Up
miR-323-3p Xiong et al. Rat Retina Up
Tian et al. Mice Pancreas Up

miR-324-3p Tian et al. Mice Pancreas Down
Erener et al. 2017 Human Serum Up

miR-324-5p Takahashi et al. Human PBMCs Down
Erener et al. 2017 Human Serum Up

Tian et al. Mice Pancreas Down
miR-325-5p Tian et al. Mice Pancreas Up
miR-32-5p Takahashi et al. Human PBMCs Up

Tian et al. Mice Pancreas Down
miR-331-3p Erener et al. 2017 Human Serum Up
miR-335-3p Kovacs et al. Rat Retina Up

miR-335-5p Hezova et al. Human T cells Down
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Takahashi et al. Human PBMCs Up
miR-337-3p Tian et al. Mice Pancreas Up
miR-338-3p Takahashi et al. Human PBMCs Up
miR-33a-5p Takahashi et al. Human PBMCs Up
miR-340-3p Takahashi et al. Human PBMCs Up
miR-340-5p Nielsen et al. Human Serum Up
miR-342-3p Takahashi et al. Human PBMCs Down

Sebastiani et al. Human Serum Up

Yang et al. Human PBMCs Down
miR-345-5p Erener et al. 2017 Human Serum Up
miR-346-5p Tian et al. Mice Pancreas Up
miR-34a-5p Sebastiani et al. Human Serum Up
miR-34b-3p Kovacs et al. Rat Retina Up
miR-34c-5p Kovacs et al. Rat Retina Up

Xiong et al. Rat Retina Up
miR-350-3p Xiong et al. Rat Retina Up
miR-351-5p Xiong et al. Rat Retina Up

Tian et al. Mice Pancreas Up
miR-361-3p Tian et al. Mice Pancreas Up
miR-363-5p Qing et al. Mice Retina Up

Tian et al. Mice Pancreas Up
miR-365a-3p Hezova et al. Human T cells Down
miR-369-5p Xiong et al. Rat Retina Up

Tian et al. Mice Pancreas Up

miR-372 Sebastiani et al. Human Serum Down
miR-373-3p Diao et al. Mice Heart Down

Sebastiani et al. Human Serum Up

miR-374a-5p Qing et al. Human Retina Up
miR-375 Xiong et al. Rat Retina Up

Marchand et al. Human Serum Up

Sebastiani et al. Human Serum Down

Seyhan et al. Human Plasma Up

Erener et al. Mice Plasma Up

miR-376 Marchand et al. Human Serum Up
miR-377-3p Sebastiani et al. Human Serum Down

Erener et al. 2017 Human Serum Up

miR-378 Erener et al. Mice Plasma Up
Garcia-Contreras etal. Human Exossome plasmatic Down

miR-378a-5p Kovacs et al. Rat Retina Up

miR-410-3p Xiong et al. Rat Retina Up

Tian et al. Mice Pancreas Down
miR-423-5p Takahashi et al. Human PBMCs Down

Qing et al. Human Retina Up
miR-424-5p Barutta et al. Human Urine Down

Wang et al. 2017 Human PBMCs Down

Takahashi et al. Human PBMCs Up

miR-450a-2-3p Takahashi et al. Human PBMCs Up
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Tian et al. Mice Pancreas Up
miR-451a Tian et al. Mice Pancreas Down
miR-454-3p Takahashi et al. Human PBMCs Up
Erener et al. 2017 Human Serum Up
miR-466a-5p Tian et al. Mice Pancreas Down
miR-466b-5p Tian et al. Mice Pancreas Down
miR-466¢-5p Tian et al. Mice Pancreas Down
miR-466e-5p Tian et al. Mice Pancreas Down
miR-466f-3p Tian et al. Mice Pancreas Down
miR-466f-5p Tian et al. Mice Pancreas Down
miR-466i-3p Tian et al. Mice Pancreas Down
miR-466i-5p Tian et al. Mice Pancreas Down
miR-466( Tian et al. Mice Pancreas Down
miR-467c-3p Tian et al. Mice Pancreas Down
miR-467f-3p Tian et al. Mice Pancreas Down
miR-467g Tian et al. Mice Pancreas Down
miR-467h Tian et al. Mice Pancreas Down
miR-486-5p Yang et al. Human PBMCs Up
miR-488 Kovacs et al. Rat Retina Up
miR-490-5p Tian et al. Mice Pancreas Up
Erener et al. 2017 Human Serum Down
miR-491-5p Tian et al. Mice Pancreas Up
miR-493-5p Tian et al. Mice Pancreas Down
miR-494-3p Qing et al. Human Retina Up
miR-499-3p Diao et al. Mice Heart Up
miR-499-5p Kovacs et al. Rat Retina Down
miR-500a-5p Erener et al. 2017 Human Serum Up
miR-502-3p Erener et al. 2017 Human Serum Up
miR-505-3p Qing et al. Human Retina Up
miR-510 Hezova et al. Human T cells Up
miR-5110 Tian et al. Mice Pancreas Up
miR-5114 Tian et al. Mice Pancreas Up
miR-5115 Tian et al. Mice Pancreas Up
miR-5119 Tian et al. Mice Pancreas Up
miR-5120 Tian et al. Mice Pancreas Up
miR-5130 Tian et al. Mice Pancreas Up
miR-5132-5p Tian et al. Mice Pancreas Up
miR-520d-3p Qing et al. Human Retina Up
miR-520e Sebastiani et al. Human Serum Up
miR-5-3p Tian et al. Mice Pancreas Up
miR-542-3p Takahashi et al. Human PBMCs Up
miR-548c-3p Takahashi et al. Human PBMCs Up
miR-548d-3p Qing et al. Human Retina Up
miR-5616-3p Tian et al. Mice Pancreas Up
miR-5617 Tian et al. Mice Pancreas Up
miR-5622-3p Tian et al. Mice Pancreas Up
miR-5624-3p Tian et al. Mice Pancreas Down
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miR-5625-5p Tian et al. Mice Pancreas Down

miR-570 Garcia-Contreras etal. Human  Exossome plasmatic Down
miR-574-3p Kovacs et al. Rat Retina Up
Garcia-Contreras etal. Human  Exossome plasmatic Down
Tian et al. Mice Pancreas Down
miR-576-3p Qing et al. Human Retina Up
miR-579 Garcia-Contreras etal. Human Exossome plasmatic Down
miR-592-5p Xiong et al. Rat Retina Up
miR-601 Qing et al. Human Retina Up
miR-606 Qing et al. Human Retina Up
miR-627 Qing et al. Human Retina Up
miR-630 Erener et al. 2017 Human Serum Down
miR-636 Erener et al. 2017 Human Serum Down
miR-639 Erener et al. 2017 Human Serum Down
miR-652-3p Yang et al. Human PBMCs Up
miR-653-3p Tian et al. Mice Pancreas Up
miR-668-3p Tian et al. Mice Pancreas Up
miR-6691-5p Tian et al. Mice Pancreas Down
miR-669-3p Tian et al. Mice Pancreas Up
miR-669a-3-3p Tian et al. Mice Pancreas Down
miR-669a-3p Tian et al. Mice Pancreas Down
miR-669b-3p Tian et al. Mice Pancreas Down
miR-669c-3p Tian et al. Mice Pancreas Down
miR-669d-2-3p Tian et al. Mice Pancreas Down
miR-669d-5p Tian et al. Mice Pancreas Down
miR-669e-3p Tian et al. Mice Pancreas Down
miR-669e-5p Tian et al. Mice Pancreas Down
miR-669f-3p Tian et al. Mice Pancreas Down
miR-669f-5p Tian et al. Mice Pancreas Down
miR-669k-5p Tian et al. Mice Pancreas Down
miR-669p-3p Tian et al. Mice Pancreas Down
miR-670-5p Tian et al. Mice Pancreas Up
miR-675-3p Erener et al. 2017 Human Serum Down
miR-690 Kovacs et al. Rat Retina Down
miR-697 Tian et al. Mice Pancreas Up
miR-700-3p Diao et al. Mice Heart Up
Tian et al. Mice Pancreas Up
miR-705 Diao et al. Mice Heart Up
miR-706 Tian et al. Mice Pancreas Up
miR-712-3p Tian et al. Mice Pancreas Up
miR-720 Takahashi et al. Human PBMCs Down
Erener et al. 2017 Human Serum Down
miR-744-5p Tian et al. Mice Pancreas Up
miR-758-3p Xiong et al. Rat Retina Up
Tian et al. Mice Pancreas Down
miR-758-5p Tian et al. Mice Pancreas Down

miR-7-5p Takahashi et al. Human PBMCs Up




miR-766 Takahashi et al. Human PBMCs Down

miR-7a-5p Tian et al. Mice Pancreas Down
miR-7b-3p Tian et al. Mice Pancreas Up
miR-7b-5p Tian et al. Mice Pancreas Down
miR-802-5p Tian et al. Mice Pancreas Down
miR-881-3p Tian et al. Mice Pancreas Up
miR-88-1-5p Tian et al. Mice Pancreas Up
miR-886-5p Qing et al. Human Retina Up
miR-92a-1-5p Xiong et al. Rat Retina Up
miR-935 Xiong et al. Rat Retina Up
miR-93-5p Salas-Perez et al. Human PBMCs Down
miR-9-3p Tian et al. Mice Pancreas Up
Sebastiani et al. Human Serum Down
miR-940 Takahashi et al. Human PBMCs Down
miR-98-5p Takahashi et al. Human PBMCs Up
Tian et al. Mice Pancreas Down

miR-99a-5p Hezova et al. Human T cells Down
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ABSTRACT

Context: MicroRNAs (miRNAs) are small noncoding RNAs that negatively regulate
gene expression. A number of miRNAs circulate in the bloodstream, usually reflecting
tissue-specific injuries, which makes them ideal candidates as biomarkers of disease
progression. In this context, changes in miIRNA expression have been described in
several pathologies, including type 1 diabetes mellitus (TIDM).

Objective: To investigate a miRNA expression profile in plasma from T1DM patients
and control subjects and analyze the pathways involved.

Design: Expressions of 48 miRNAs were analyzed in plasma from 33 T1DM patients
and 26 age-and-gender-matched controls using Stem-loop RT-PreAmp PCR and
TagMan Low Density Arrays (Thermo Fisher Scientific). Five dysregulated miRNAs
were then chosen for validation in an independent sample of 27 T1DM patients and 14
controls, using RT-gPCR. Bioinformatic analyses were performed to determine in
which pathways these miRNAs were involved.

Results: Nine miRNAs were differentially expressed between recently-diagnosed
T1DM npatients (<5 years of diagnosis) and controls. No differences were observed
between patients with >5 years of diagnosis and controls. After validation in an
independent sample of T1IDM patients, miR-103a-3p, miR-155-5p, miR-200a-3p, and
miR-210-3p were confirmed to be upregulated in recently-diagnosed T1DM patients
compared with controls or patients with >5 years of diagnosis. Moreover, miR-146a-5p
was downregulated in recently-diagnosed T1DM patients compared with the other
groups. These five miRNAs regulate several genes from the innate immune system-,

MAPK-, apoptosis-, insulin- and cancer-related pathways.
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Conclusions: Our study demonstrates that five miRNAs are dysregulated in recently-
diagnosed T1DM patients, providing information about the biological pathways in

which they are involved.

Keywords: microRNAs, type 1 diabetes, epigenetics, bioinformatics
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1. INTRODUCTION

Type 1 diabetes mellitus (T1LDM) is characterized by severe autoimmune destruction of
pancreatic beta-cells by T lymphocytes and macrophages, rendering patients insulin-
dependent for life [1]. This disease is generally diagnosed when over 80-90% of beta-
cells have been destroyed by the immune system [2]. Shortly after the initial insulin
treatment, many children show a period of increased endogenous insulin residual
secretion followed by a reduced requirement for exogenous insulin, called the remission
phase [3]. The partial regenerative capacity that occurs during this period offers a
unique opportunity for an interventional treatment to maintain insulin secretion [4]. In
this context, potential new biomarkers could help predict the destruction or regeneration
of residual beta-cell mass and, thus, help monitor TLDM progression.

MicroRNAs (miRNAs) are a class of small noncoding RNAs of 21-23
nucleotides that negatively regulate gene expression by partially pairing to the 3°, 5’
untranslated regions of their target mRNAs, leading to translation repression and/or
transcript degradation [5,6]. MiRNAs are estimated to regulate the expression of more
than 60% of protein-coding genes, consequently controlling a number of biological and
pathological processes [5,2]. Interestingly, recent studies have demonstrated that
miRNAs can be transported from cell-to-cell and can circulate as stable molecules in
body fluids; thereby, coordinating gene expression in neighboring and/or distant cells.
Hence, miRNA transfer between distant cells could potentially be a new mode of cell-
to-cell communication [2]. Moreover, miRNA levels in body fluids usually reflect
tissue-specific injuries, making them ideal candidates as potential circulating

biomarkers [7,8].
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Deviation from homeostatic miRNA levels, whether upregulation or
downregulation, has been linked to many diseases, including cancer, endocrine
disorders and autoimmune diseases [9-12]. Growing evidence suggests that miRNAs
also play a role in immune system functions, as well as in beta-cell metabolism,
proliferation and death, which are processes involved in TIDM pathogenesis [2,6,13].
Indeed, IL-1p and TNF inflammatory cytokines were reported to induce miR-21, miR-
30b, miR-34, miR-101a and miR-146a expressions in MING cells and human pancreatic
islets [14], suggesting that these miRNAs may play a role in cytokine-mediated beta-
cell destruction. Moreover, miRNA specific profiles have been observed in peripheral
blood mononuclear cells (PBMCs) or plasma/serum from T1DM patients [4,15-18], and
some miRNAs seem to modulate mRNA expressions of the major TLDM autoantigens
[16,19] or predict residual beta-cell function after TAIDM diagnosis [20]. Indeed, serum
miRNA levels were associated with disease progression and conferred an additional risk
of TIDM development in young autoantibody-positive relatives of TIDM patients [21].

Therefore, considering that miRNAs might be potential TLDM biomarkers, the
aim of this study was to investigate a circulating miRNA expression profile in the
plasma of T1DM patients compared with non-diabetic subjects. We also carried out
bioinformatic analyses to investigate the pathways in which these miRNAs are

involved.

2. METHODS

2.1 Study population

This case-control study was designed in accordance with STROBE guidelines for

reporting of association studies [22] and included two independent samples of TIDM
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patients and non-diabetic subjects (controls), called the “Screening sample set” and the
“Validation sample set”. The “Screening sample set” included 33 T1DM patients [16
patients with less than 5 years of diagnosis (recently-diagnosed group) and 17 patients
with 5 or more years of diagnosis] and 26 controls. The “Validation sample set”
included 27 T1DM patients (13 patients with <5 years of diagnosis and 14 with >5 years
of diagnosis) and 14 controls. TLDM patients and non-diabetic controls were age- and
gender-matched in both samples.

All T1DM patients were recruited from the outpatient clinic at the Hospital de
Clinicas de Porto Alegre and the Instituto da Crianca com Diabetes of the Grupo
Hospitalar Conceicéo (Rio Grande do Sul, Brazil) between August 2014 and September
2016. Patients were diagnosed with T1DM according to American Diabetes Association
guidelines [1]. TIDM patients presenting recent episodes of ketoacidosis, chronic
inflammatory diseases, chronic rheumatic disease, hepatitis, HIV-positivity,
glucocorticoid treatment or any diabetic complications were excluded from the study.

The control groups consisted of healthy blood donors recruited from the Hospital
de Clinicas de Porto Alegre between August 2014 and September 2016. Only subjects
with glycated hemoglobin (HbAlc) < 5.7% were considered for inclusion as controls
[1]. Exclusion criteria for the control groups were: alcoholism, obesity, smoking habits,
infections, inflammatory diseases or a family history of diabetes.

A standard questionnaire was used to collect information on current age, age at
T1DM diagnosis, TIDM duration and drug treatment. All patients underwent physical
and laboratory evaluations, as described elsewhere [23]. Ethnicity was defined
according to self-classification, and only patients of European descendant were included
in the study. Since HLA class Il (DR and DQ) haplotypes may influence the association

between non-HLA genes and T1DM [24], frequencies of HLA haplotypes associated
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with high risk of TIDM were assessed in case and control subjects of both samples, as
described elsewhere [25]. The study received appropriate ethics committee approval
from Institutional Review Boards of the Hospital de Clinicas de Porto Alegre and the
Grupo Hospitalar Conceicdo and was conducted according to the Declaration of
Helsinki. Subjects and/or their parents gave assent and written informed consent prior to

participation.

2.2 RNA extraction

Peripheral blood samples from all subjects were collected in EDTA-coated tubes.
Sample collection was performed in the morning, at least 8 hours after the last meal.
Immediately after collection, blood samples were checked for hemolysis. Non-
hemolyzed samples were centrifuged at 3500 rpm for 15 min at 4°C, and plasma
aliquots were stored at -80°C until miRNA expressions were quantified.

Total RNA was isolated from 450 pl of plasma using the MiRVana PARIS
miRNA Isolation Kit (Ambion, Thermo Fisher Scientific, DE, USA), according to the
manufacturer’s instructions. The purity and concentration of RNA samples were
measured using the NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific).
Only RNA samples that achieved adequate purity ratios (A260/A280 = 1.9 - 2.1) were
used for subsequent analyses [26]. RNA integrity was also checked on agarose gels

containing GelRed Nucleic Acid Gel Stain (Biotium Inc., Hayward, CA, USA).

2.3 Quantification of mMIRNA expressions using Custom TagMan Array
MicroRNA cards
Relative expressions of 48 miRNAs were investigated in plasma from all subjects of the

“Screening sample set” using Custom TagMan Array MicroRNA cards (Thermo Fisher
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Scientific), which contain probes for 45 target miRNAs and for three reference genes
[RNU44, RNU48 and small nuclear RNA U6 (U6snRNA)] (Supplementary Table 1).
Selection of these miRNAs was based on the available literature [4,15,2] and by
searching in the miRWalk 2.0 database [27] those miRNAs potentially associated with
T1DM in humans.

MiRNA expressions were performed in 3 separate reactions. First, the total RNA
(10 ng) was reverse-transcribed into specific miRNAs using TagMan miRNA Reverse-
Transcription (RT) kit and Multiplex RT Pool Set (Thermo Fisher Scientific), in which
stem-loop RT primers bind specifically to their corresponding miRNAs and begin
reverse-transcription. Second, specific cDNAs for the 48 miRNAs analyzed were pre-
amplified using TagMan PreAmp Master Mix 2x kit and Custom PreAmp Primer Pool
(Thermo Fisher Scientific), following manufacturer’s suggestions. The PreAmp product
was diluted with 175 pl of 0.1x TE buffer, pH 8.0.

RT-gPCR experiments were then performed in a Vii™ 7 Fast Real-Time PCR
System (Thermo Fisher Scientific), using the TagMan Low Density Array (TLDA)
block. RT-gPCR reactions were performed using 1.13 ul of the diluted PreAmp product
and 56.25 pl of the TagMan Universal PCR Master Mix Il no UNG 2x (Thermo Fisher
Scientific), in a total volume of 112.5 ul dispensed into the 384 micro-wells of the array
plates by centrifugation. The cycling conditions were as follows: 95°C for 10 min,
followed by 50 cycles at 95°C for 15 sec and 60°C for 1 min. Relative expressions were
calculated using the 2"*4“4 method [28]. For analysis, only the U6snRNA was used as a
reference gene since it showed the lowest variation among the samples. Data are shown

as n-fold changes in relation to a calibrator sample.
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2.4 Validation of Custom TagMan Array MicroRNA results using individual RT-
gPCR

Five miRNAs were chosen for confirmation of their expressions in the “Validation
sample set” using individual RT-qPCR assays, according to MIQE guidelines [29]. The
criteria for selecting those miRNAs were: 1) miRNAs more differentially expressed
between T1DM patients and controls from the “Screening sample set”; 2) evidence in
the literature showing that they were associated with TIDM or with immune system
functions [4,15,16]; and/or 3) the number of miRNA targets involved in pathways
related to TLDM pathogenesis, which was assessed by bioinformatic analysis.

RT-gPCR was performed in two separate reactions: first, the total RNA was
reverse-transcribed into cDNA and, second, the cDNA was amplified by RT-gPCR.
Reverse transcription of 2 ng/ul of RNA into cDNA was carried out using specific
TagMan miRNA RT Kkits (Thermo Fisher Scientific) for each miRNA of interest.

RT-qPCR experiments were carried out in a Vii™ 7 Fast Real-Time PCR
System. PCR reactions were performed using 0.5 pul TagMan miRNA Assays 20x
(Thermo Fisher Scientific; Supplementary Table 1) for target miRNAS or U6SnRNA, 5
ul TagMan Universal PCR Master Mix 11 no UNG 2x, and 1 ul of cDNA (10ng/pul), in a
total volume of 10 ul. Each sample was assayed in triplicate and a negative control was
included in each experiment. Cycling conditions for these genes were an initial cycle of
95°C for 10min, followed by 50 cycles of 95°C for 15s and 60°C for 90s. Quantification
of the five target miRNAs was performed using the 2"2““Y method and the U6snRNA
gene as the reference [26] and are shown as n-fold changes in relation to the calibrator

sample.

2.5 Bioinformatic analyses
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To further investigate the functional involvement of the nine miRNAs dysregulated in
the plasma of T1DM patients from the “Screening sample set”, we performed
bioinformatic analyses to retrieve their putative targets. Targets of these miRNAs were
investigated using a combination of experimentally validated data and computational
prediction tools. To accomplish this, experimentally validated miRNA-target gene
interactions were retrieved from miRTarbase v.6.1 [30], starBase v.2.0 [31], miRecords
(accessed July 2016) [32] and TarBase v.5.0 [33] databases. The complete collection of
validated targets provided by miRecords and TarBase were collected for analysis. For
miRTarBase, the search was restricted to miRNA-target gene interactions classified as
“Functional MTI”, while for starBase, the data was filtered to include only interactions
supported by at least 2 experiments (“medium stringency”) and predicted by at least
four out of five prediction programs implemented in the starBase interface.
Additionally, to complement the information derived from experimental
validation and search for additional miRNA targets, we also applied in silico target
prediction algorithms for selected miRNA sequences using the web-based tools
TargetScan v.7.1 [34] and Diana MicroT v.4.0 [35]. To control for false positive rates
and obtain a high-confidence list of candidate miRNA-target gene interactions, we
required evidence of site conservation for TargetScan predictions and also applied score
thresholds for both TargetScan (score < -0.2) and Diana MicroT (score > 0.5) sources.
The final list of putative targets of the nine dysregulated miRNAs was then obtained by
integrating the results from the aforementioned six sources, based on a union operation.
Prior to the analyses, miRNA and gene identifiers were mapped to miRBase v.21.0 and
HUGO Gene Nomenclature Committee standards [36] to allow consistent data

integration across sources.
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We then selected only the five miRNAs chosen for validation in the “Validation
sample set” to search for potential biological pathways under their regulation. To
accomplish this, we performed a functional enrichment analysis of experimentally and
computationally predicted targets of the five miRNAs using pathways annotation from
the KEGG database [37]. A hypergeometric test was used to calculate the statistical
significance of the enriched pathways, and P values were corrected for multiple tests
using the Benjamini-Hochberg procedure, which provides a False Discovery Rate
(FDR) adjusted-P value (g-value). KEGG pathways associated with a g-value < 0.05
were considered significantly enriched for genes targeted by the five selected miRNAs.
Moreover, to search for a consensus of pathways among different bioinformatic tools,
the results obtained in the above-described analysis (based on miRTarBase, starBase,
miRecords, TarBase, TargetScan, and Diana MicroT databases, and pathway
annotations from KEGG) were compared with pathways obtained using mirPath, a tool
from the DIANA suite [38], and the Enrichr web server [39,40]. For a detailed
description of this analysis, please see Supplementary Material 1.

All bioinformatic analyses were conducted in the R/Bioconductor environment
using the clusterProfiler [41], org.Hs.eg.db [42], and plyr [43] packages. Cytoscape

v.3.4.0 was used for visualizing miRNA-target gene interactions.

2.6 Statistical analysis

Normal distribution was checked using the Kolmogorov-Smirnov and Shapiro-Wilk
tests. Variables with normal distribution are presented as mean = SD. Variables with
skewed distribution were log-transformed before analyses and are presented as median
(25"-75" percentiles). Categorical data are shown as percentages. Clinical and

laboratory characteristics and miRNA expressions were compared among groups using
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Student’s t-test, One-way ANOVA or ¥* tests, as appropriate. Correlations between
Quantitative variables were assessed using Pearson’s correlation tests. To investigate the
discriminatory power of the five differentially expressed miRNAs to distinguish
between T1DM patients and non-diabetic subjects, receiver-operating characteristic
(ROC) curves were generated and the areas under the curves (AUCs) were calculated.
All statistical analyses were performed using the SPSS statistical package (v.18.0) for
Windows (SPSS Inc, Chicago, IL), and P values < 0.05 were considered statistically

significant.

3. RESULTS

3.1 Clinical and laboratory characteristics of TIDM patients and non-diabetic
subjects included in the study

Clinical and laboratory characteristics of TIDM cases and non-diabetic controls
included in the “Screening” and “Validation” sample sets are shown in Table 1. There
were no differences between cases and controls from both samples regarding age,
gender, and mean body mass index (BMI) (P > 0.05). As expected, mean HbA1c levels
and prevalence of hypothyroidism were higher in TIDM cases than in the respective
control groups (P < 0.05). Moreover, TIDM high-risk HLA haplotypes (DR4/DQS8,
DR3/DR4, DR3/DR3) showed higher frequencies in TIDM patients compared with
controls (P = 0.001). Of note, the distributions of clinical, biochemical and genetic
(HLA haplotypes) characteristics were similar between subjects from the “Screening”

and “Validation” samples.

3.2 Expression profile of 45 miRNAs in subjects from the “Screening sample set”
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Expressions of 45 circulating miRNAs were evaluated in plasma from T1DM patients
and non-diabetic subjects of the “Screening sample set”. Of these 45 miRNAs, 33
(73.3%) had detectable expressions in the plasma. However, only 26 miRNAs were
expressed in at least 10% of the samples, allowing reliable statistical analyses (Figure 1
and Table 2). Of these 26 miRNAs, only 9 were differentially expressed between non-
diabetic subjects and recently-diagnosed T1DM patients (Table 2). MiR-21-5p, miR-
101-3p, miR-103a-3p, miR-148b-3p, miR-155-5p, miR-200a-3p, miR-210-3p, and miR-
1275 were upregulated in recently-diagnosed T1DM patients compared with controls. In
contrast, miR-146a-5p was downregulated in recently-diagnosed T1DM patients.
Interestingly, no differences in miRNA expressions were detected between controls and

T1DM patients >5 years of diagnosis (Table 2).

3.3 Validation of the five selected miRNAs by RT-gPCR

Of the nine miRNAs differently expressed among the analyzed groups of the
“Screening sample set”, we chose five miRNAs to validate by RT-gPCR in the
“Validation sample set”: miR-103a-3p, miR-146a-5p, miR-155-5p, miR-200a-3p and
miR-210-3p. These five miRNAs were selected based on the criteria described in the
Methods section. As shown in Figure 2 (A and B), miR-103a-3p and miR-200a-3p
were upregulated in recently-diagnosed T1DM patients compared with both the control
group and T1DM patients with >5 years of diagnosis (all P < 0.05). MiR-155-5p also
seems to be upregulated in recently-diagnosed T1DM patients compared with the other
groups, although the comparison with the control group did not reach formal statistical
significance (P = 0.06; Figure 2C). Similarly, miR-210-3p seems to be upregulated in
recently-diagnosed T1DM patients compared with the other two groups, although the

comparison with the TIDM group with >5 years of diagnosis did not reach statistical
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significance (P = 0.06; Figure 2D). MiR-146a-5p was downregulated in recently-
diagnosed T1DM patients compared with the other two groups (P < 0.0001; Figure 2E).
In accordance with the array data, these five miRNAs had similar expressions between

controls and T1DM patients with >5 years of diagnosis (P > 0.05; Figure 2).

3.4 Association between the five validated miRNAs and T1DM clinical and
laboratory characteristics

We evaluated possible correlations among the five validated miRNAs (miR-103a-3p,
miR-146a-5p, miR-155-5p, miR-200a-3p and miR-210-3p) dysregulated in T1DM
patients and T1DM clinical and laboratory characteristics. For these analyses, both the
“Screening” and “Validation” samples were analyzed together to increase the statistical
power. MiR-200a-3p expression showed a significant negative correlation with insulin
doses (r = -0.424, P = 0.005). Moreover, miR-155-5p and miR-200a-3p expressions
were negatively correlated with HbAlc levels (r = -0.377, P = 0.009; and r =-0.331, P =
0.026; respectively) in the TIDM group. MiR-210-3p expression was negatively
correlated with TSH levels (r = -0.430, P = 0.040) in T1DM patients. None of the five
validated miRNAs was significantly correlated with total cholesterol, HDL-cholesterol,
triglycerides, creatinine or albuminuria levels (all P > 0.05).

Notably, miR-103a-3p expression was positively correlated with miR-155-5p (r
=0.538, P = 0.0001), miR-200a-3p (r = 0.586, P = 0.0001) and mir-210-3p (r = 0.645, P
= 0.0001) expressions in the whole sample. MiR-155-5p was also correlated with miR-
200a-3p (r = 0.662, P = 0.0001) and miR-210-3p (r = 0.810, P = 0.0001) expressions.
MiR-200a-3p was also correlated with miR-210-3p expression (r = 0.793, P = 0.0001).

MiR-146a-5p expression did not correlate with the other four validated miRNAs.

82



3.5 ROC curve analyses for miR-103a-3p, miR-146a-5p, miR-155-5p, miR-200a-3p
and miR-210-3p

We next calculated the sensitivity and specificity of the five validated miRNAs for
detecting TIDM using ROC curve analyses (Supplementary Table 2). For miR-200a-
3p, miR-103a-3p and miR-210-3p, we found that the AUC was 0.800, 0.788 and 0.775
with a cutoff of -0.660, -0.201 and -0.288, resulting in a sensitivity of 0.903, 0.889 and
0.867, and specificity of 0.700, 0.706 and 0.700, respectively, for recently-diagnosed
T1DM patients, adjusting for high-risk HLA haplotypes. MiR-146a-5p and miR-155-5p
showed lower sensitivity and specificity for recently-diagnosed T1DM patients
compared with the other three miRNAs (Supplementary Table 2). Furthermore, the
AUC for pooled expressions of all five validated miRNAs in recently-diagnosed TIDM

patients compared with controls was 0.896 (95% CI1 0.807 — 0.985; P < 0.000001).

3.6 Target prediction for dysregulated miRNAs and perturbed pathways under
their regulation

Bioinformatic analyses were performed to retrieve putative targets and pathways
possibly regulated by the five validated miRNAs (hsa-miR-103a-3p, hsa-miR-146a-5p,
hsa-miR-155-5p, hsa-miR-200a-3p and hsa-miR-210-3p) dysregulated in plasma from
recently-diagnosed T1DM patients. First, we searched for targets of these five miRNAs
using distinct resources, including experimentally validated data and computational
target prediction tools. Of the total 1982 genes identified as potential targets of these
miRNAs, only 234 were found to be modulated by two or more miRNAs
(Supplementary Table 3 and Supplementary Figure 1). Individually, 877 target
genes were found for miR-103a-3p, 208 for miR-146a-5p, 501 for miR-155-5p, 590 for

miR-200a-3p, and 68 for miR-210-3p (Supplementary Table 4).
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Following target identification, we carried out functional enrichment analysis of
miRNA targets using pathway maps from the KEGG Database, aiming to explore
biological pathways possibly affected by the five validated miRNAs (miR-103-3p, miR-
146a-5p, miR-155-5p, miR-200a-3p and miR-210-3p). A total of 108 pathways were
significantly enriched (g-values < 0.05) for these miRNAs (Supplementary Table 5).
Many of these pathways consist of genes known to be related to TLIDM pathogenesis,
including cancer, MAPK, apoptosis, insulin and immune system (Toll-like receptor,
NOD-like receptor, RIG-I-like receptor, and B cell receptor) signaling pathways
(Figure 3).

Subsequently, insulin, apoptosis and innate immune system signaling pathways
were selected for analysis in greater depth, since they are key pathways related to
T1DM pathogenesis (Figure 4). MiR-146a-5p regulates several target genes from the
innate immune system and apoptosis pathways, as well as NRAS, a gene common to
both insulin and apoptosis pathways. MiR-155-5p and miR-103a-3p target genes from
the three pathways. MiR-200a-3p regulates several genes from the innate immune
system and insulin pathways and one gene from the apoptosis pathway (TP53), while
miR-210-3p only targets PTPN1, which participates in the insulin signaling pathway.

As demonstrated in Figure 4, some genes are regulated by more than one
miRNA: FADD, for example, is regulated by miR-146a-5p and miR-155-5p, IRS2 is
regulated by miR-103a-3p and miR-200a-3p, and CXCL8/IL8 is regulated by miR-146a-
5p and miR-155-5p. Moreover, PIK3R1 (targeted by mir-103a-3p and miR-155-5p),
PIK3CB (targeted by miR-146a-5p), and MAPK8/INK, AKT3 and IKBKB/IKKB
(targeted by miR-103a-3p) are important genes shared among the three pathways.

Target genes and significant pathways for the four non-validated miRNAs (hsa-

miR-21-5p, hsa-miR-101-3p, hsa-miR-148b-3p, and hsa-miR-1275), which could be
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dysregulated in recently-diagnosed T1DM patients from the “Screening sample set” are
shown in Supplementary Table 6. No significant pathways were found for miR-1275.

The results of the consensus analysis are summarized in Supplementary Figure
2. Our original bioinformatic results (based on the miRTarBase, starBase, miRecords,
TarBase, TargetScan, and Diana MicroT databases, as well as on pathway annotations
from KEGG database) were compared with pathways obtained from the mirPath and
Enrichr tools. Supplementary Figure 2A provides a visual representation of a “binary
matrix” showing a total of 163 unique KEGG pathways found in these tools, which are
also shown in Supplementary Table 7. The highest overlap observed among tools was
concentrated in the upper portion of the matrix. In general, 75% of the enriched terms
shared some degree of consensus among the tools, being supported by more of two
databases. This overlap of KEGG terms among the tools is also represented in Venn
diagrams for the “Pathways Union” (Supplementary Figure 2B) and “Genes Union”
(Supplementary Figure 2C) options of mirPath.

Finally, pairwise Jaccard Similarity Coefficients (JC) among lists of enriched
terms are depicted in Supplementary Figure 2D. Interestingly, the overlap shared by
results obtained with distinct Union options (Pathways/Genes), but same list of targets
[MicroT (MT) or TarBase (TB)] using mirPath, is moderated, ranging from 0.534 (for
TB) to 0.574 (for MT). However, this overlap lessened when we compared enriched
terms for distinct lists of targets provided by mirPath, MT and TB, across Union
options, ranging from 0.252 (MT-GeneUnion vs. TB-PathUnion) to 0.343 (MT-
PathUnion vs. TB-GeneUnion). These values were comparable to JCs between our
original results and miRPath enrichment analysis, which ranged from 0.336 to 0.450.

Importantly, when we compared the enriched terms from the Enrichr analysis and our
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own results, both based on the same list of target genes, we observed a high degree of

overlap (JC = 0.904), indicating that our results are robust.

4. DISCUSSION

The first sign of autoimmunity against beta-cells, usually detectable a few years or
months before the onset of clinical symptoms, is the appearance of antibodies against
beta-cell antigens [44]. These circulating autoantibodies are acknowledged T1DM
biomarkers since the presence of more than two of them indicates a high risk of disease
development [45]. However, their use as routine biomarkers of TLDM progression has
certain limitations, mainly because some children with new-onset TLDM are negative
for islet autoantibodies [45], and many autoantibody-positive subjects never develop
T1DM [2]. Therefore, new T1DM biomarkers together with genetic risk factors, such as
HLA-high risk haplotypes, may present an improvement over information derived from
islet autoantibodies alone [46].

A number of miRNAs circulate in the bloodstream and are ideal biomarkers of
health status and disease progression due to their stability and resistance to degradation
by ribonucleases or repeated freezing/thawing cycles, as well as to their easy detection
in body fluids using highly sensitive and specific quantitative RT-gPCR [2]. Indeed,
circulating miRNAs have being suggested as reproducible and non-invasive biomarkers
for detecting and monitoring certain cancers [47,9]. Specific miRNA profiles have also
been observed in PBMCs or plasma/serum from T1DM patients [4,15-18].

Thus, considering that miRNAs are potential TLDM biomarkers, we investigated
whether a profile of 45 circulating miRNAs was dysregulated in TLDM patients. In the

“Screening sample set”, we found that nine mMiRNAs were differently expressed in the
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plasma of recently-diagnosed T1DM patients compared with controls or TLDM patients
with >5 years of diagnosis. Five of these miRNAs (miR-103a-3p, miR-146a-5p, miR-
155-5p, miR-200a-3p, and miR-210-3p) were chosen for validation in an independent
sample, and the expression trends were similar to those observed in the “Screening
sample set”.

MiR-103a-3p, miR-155-5p, miR-200a-3p and miR-210-3p were upregulated in
recently-diagnosed T1DM patients compared with the other groups. MiR-103a-3p has
been shown to be upregulated in liver of type 2 diabetes mellitus (T2DM) patients [48],
as well as liver [49] and adipocytes [50] of obese mice, acting in the insulin signaling
pathway by primarily targeting caveolin-1, an insulin receptor regulator [49]. Hence,
silencing this miRNA in mice improved glucose homeostasis and insulin sensitivity
[49]. In agreement with our data, miR-103a-3p was also upregulated in PBMCs of
T1DM patients from another Brazilian population [51]. Besides its action in regulating
the insulin signaling pathway, miR-103a-3p was also found to be involved in cellular
proliferation/apoptosis in cancer cell lines [52]. Moreover, some of the effects of miR-
103a-3p might be mediated through other miRNAs since it strongly inhibits the
miRNA-processing enzyme Dicer [53].

MiR-155-5p is abundantly expressed in macrophages and activated B and T cells
[54], being induced by proinflammatory cytokines and bacterial- and viral-derived TLR
ligands [55,56]. Because miR-155-5p induction involves both NF-«B and JNK
pathways, it fits the profile of a typical immune-response molecule, regulating genes in
both innate and adaptive immunity [13,54,55]. During normal conditions, NF-xB
upregulates miR-155-5p, which, in turn, downregulates IkB kinases (IKKs), thus
reducing NF-xB activation [54,55]. Moreover, miR-155-5p positively regulates host

antiviral immune response by promoting type I IFN signaling through targeting SOCS1,
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a negative regulator of the type | IFN pathway [56]. Consequently, miR-155-5p
dysregulation has been associated with different cancers, cardiovascular diseases, viral
infections, rheumatoid arthritis, and chronic diabetic complications [54,55,57]. In
contrast with our results, this miRNA was reported as being downregulated in serum
from newly-diagnosed T1DM patients from Italy [58], as well as in urinary exosomes
from T1DM patients with albuminuria [59]. These results might be explained by
differences in the study populations, tissue types (plasma vs. urine), and the criteria used
to define newly-diagnosed T1DM.

Heegaard et al. [60] reported that circulating miR-103a-3p and miR-155-5p
showed rhythmic fluctuations in healthy individuals during a 24-hour period. While
miR-103a-3p was more expressed during the day, with peak of expression at 2:44 pm,
miR-155-5p was more expressed at night, with peak of expression at 4:25 am [60].
Thus, additional studies are necessary to evaluate the influence of day time on the
expressions of the five miRNAs validated in this study.

MiR-200a-3p plays a key role in the development of different types of cancer by
downregulating epithelial to mesenchymal transition as well as the proliferation,
motility and migration of tumor cells, including pancreatic cancer stem cells [5,61,62].
In beta-cells, members of the miR-200 family negatively regulate an anti-apoptotic and
stress-resistance network that includes the chaperone DnaJc3 and the caspase inhibitor
Xiap [63]. Moreover, miR-200 positively controls the activation of the tumor suppressor
Tp53; thereby, creating a pro-apoptotic genetic expression signature found in islets of
diabetic mice [63]. MiR-200a-3p seems to be involved in insulin secretion since its
knockdown reduced glucose-stimulated insulin secretion (GSIS) in MING cells [64]. To
date, no study has evaluated the expression of miR-200a-3p in serum/plasma from

T1DM patients, although Nielsen et al. [4] observed that miR-200c-3p, another member
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of the miR-200 family, was upregulated in the serum of newly-diagnosed T1DM
patients from Europe, which agrees with our data.

MiR-210-3p is expressed in Tregs and negatively regulates FOXP3 expression,
which is known to be mandatory for Treg function [65]. Moreover, this miRNA is
considered a “master miRNA” of hypoxic response, being induced by hypoxia in
several cell types [66]. Targets of miR-210-3p are involved in mitochondrial
metabolism, angiogenesis, DNA repair, and cell survival [66]. Consequently, this
miRNA has being involved in various cancers and cardiovascular diseases [47,66]. It
has also been reported as being upregulated in plasma/serum and/or urine from pediatric
T1DM patients [4,67], in accordance with our results.

We found that miR-146a-5p was downregulated in recently-diagnosed T1DM
patients compared with the other groups. This miRNA regulates Treg-mediated
suppression of IFNy-dependent Thl responses and associated autoimmunity by directly
targeting the transcription factor STAT-1, which contributes to a severe failure of
immune tolerance [68]. Moreover, miR-146a-5p plays a recognized role in innate
immunity by negatively regulating the inflammatory response after recognition of
bacterial components by TLRs on monocytes and macrophages [69]. Following
activation by TNF and IL-1p [14], miR-146a-5p downregulates TRAF-6 and IRAK-1,
thus decreasing NF-xB activity, which constitute a fine-tuning mechanism to prevent
overstimulation of the TLR pathway [13]. Consistent with its role in the immune
system, miR-146a-5p has been reported as being downregulated in serum and PBMCs
of newly-diagnosed T1DM patients compared with healthy control subjects [16,58].
Interestingly, decreased miR-146a-5p expression was associated with high serum
glutamic acid decarboxylase antibody titers [16]. These data are in line with our finding

of decreased miR-146a-5p expression in TIDM patients with <5 years of diagnosis. In
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contrast, Roggli et al. [14] reported that this miRNA was increased in islets of NOD
mice during insulitis development. Blocking miR-146a-5p protected MING cells from
cytokine-induced apoptosis and also prevented GSIS reduction after IL-13 exposure
[14].

Although not validated, miR-21-5p, miR-101-3p, miR-148b-3p and miR-1275
also seem to be upregulated in recently-diagnosed T1DM patients from the “Screening
sample set”, and should be further investigated. Among these miRNAs, miR-21-5p
plays several recognized roles in immunity, including regulation of T cell proliferation
and Treg development [70]. Moreover, this miRNA seems to regulate the effect of
proinflammatory cytokines on beta-cells via NF-xB [71], being consistently upregulated
in TLDM patients from different populations [4,7,15,67]. The role of miR-101-3p, miR-
148b-3p and miR-1275 in beta-cells is still unknown, despite being previously reported
as dysregulated in PBMCs of T1DM patients [15,16].

Besides indicating a group of miRNAs dysregulated in recently-diagnosed
T1DM patients, the present study also provides new insights into the complex molecular
mechanisms involved in TIDM by revealing pathways that may be regulated by miR-
103a-3p, miR-146a-5p, miR-155-5p, miR-200a-3p, and miR-210-3p. These MiRNAs
potentially regulate genes from 108 significant KEGG pathways, including cancer,
MAPK, apoptosis, insulin and immune system (Toll-like receptor, NOD-like receptor,
RIG-I-like receptor, and B cell receptor) signaling pathways (Figure 3), which have
been previously associated with TLDM.

All of the TIDM patients included in this study had poor glycemic control
according to their HbAlc levels. Thus, there is a possibility that our results could be
partially due to an association with hyperglycemia per se and not with autoimmunity

and beta-cell destruction. To investigate this in great depth, we performed correlation
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analyses between the five validated miRNAs and HbAlc levels. Indeed, miR-155-5p
and miR-200a-3p expressions were negatively correlated with HbAlc levels in the
whole T1IDM group, suggesting that these two miRNAs could be associated with
hyperglycemia. However, these two miRNAs also participate in pathways associated
with the immune system and apoptosis, which are related to beta-cell destruction
(Figure 4). Similar to our results, Erener et al. [17] found a set of miRNAs that were
correlated with hyperglycemia in serum from children in the early stages of TIDM.
Expression levels of miR-146a-5p, miR-103a-3p, and miR-210-3p were not correlated
with HbAlc levels, suggesting their specificity for autoimmunity and beta-cell
destruction rather than hyperglycemia per se. The fact that all five validated miRNAs
were associated with TIDM only in the recently-diagnosed group further indicates that
the associations reported here are not only due to an association with hyperglycemia
since glycemic control was similar for all TLIDM patients, regardless the time since
diagnosis. Accordingly, Yang et al. [16] reported that miR-146a was downregulated in
newly-diagnosed T1DM patients compared to non-diabetic individuals independently of
glycemic control.

As a further step, we compared our miRNA expression data with a dataset
(GSE26168) available in the Gene Expression Omnibus (GEO) database
(Supplementary Table 8). This dataset was chosen because it was the only one that
contained expression data for the miRNAs of interest in plasma from patients with type
2 diabetes mellitus (T2DM), pre-diabetes, and non-diabetic controls [72]. None of the
five validated miRNAs was differently expressed between T2DM patients vs. controls,
T2DM vs. pre-diabetes patients, or pre-diabetes vs. control groups, showing that in this
population from GEO these specific miRNAs are not associated with T2DM or pre-

diabetes. Supplementary Table 8 also shows a comparison of the GSE26168 dataset
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with our data, demonstrating that the greatest differences in n-fold changes were
between recently-diagnosed T1DM patients and controls (present results).

Some limitations and strengths of our study should be considered. As limitation,
we could not validate all differently expressed miRNAs, and of these validated
miRNAs, two miRNAs showed a negative correlation with hyperglycemia, not being
specific for TIDM. As strengths, we use a well-defined cohort of TLDM patients, and
we found three miRNAs that were not correlated with HbAlc levels, indicating
specificity of these miRNAs to T1DM rather than hyperglycemia itself. Additionally,
we performed a robust bioinformatic analyses to investigate the pathways these
miRNAs are participating, explaining the association with TIDM.

Briefly, the present study identified a set of nine dysregulated miRNAs in TIDM
patients with <5 years of diagnosis. Five of these were validated in an independent
sample, confirming that miR-103a-3p, miR-155-5p, miR-200a-3p, and miR-210-3p are
upregulated in recently-diagnosed T1DM patients and miR-146a-5p is downregulated in
this group. Since these miRNAs regulate genes from the innate immune system-,
MAPK-, apoptosis-, insulin- and cancer-related pathways, they are potential TIDM
biomarkers, which require further investigation in different populations, as well as

evaluation of their functional impacts on putative target genes and pathways.
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Table 1. Clinical and laboratory characteristics of subjects included in the study.

Characteristic

Screening sample set

Validation sample set

Age (years)

Sex (% male)

BMI (kg/m2)
HbA1c (%)

Age at diagnosis
(years)

Duration of diabetes
(years)

Insulin dose
(unit/kg day)

Triglycerides (mg/dl)

Controls T1DM <5 T1DM 25 years p* Controls  T1DM <5 years T1DM >5 p*
(n=26)  years(n=16) (n=17) (n=14) (n=13) years (n = 14)
21.5+2.7 19.246.4 19.9+4.6 0.267  20.6+1.7 21.046.2 22.1+4.5 0.663
54.9 51.9 55.3 0.955 53.9 54.1 52.6 0.934
24.5+3.2 23.1+3.4 23.4+3.1 0.379  23.4+25 24.0+2.6 23.9+2.3 0.840
5.3+0.3% 8.9+1.6 9.4+1.7° 0.0001  5.3+0.2° 8.6+1.4° 8.5+1.6" 0.0001
- 17.0 (16.2 — 23.7) 9(1-9.75) 0.0001 - 20 (15— 23.7) 10 (7 - 13.5) 0.001
- 2.5(1-4) 12.5 (7 - 24) 0.0001 - 2.5(1-4) 14.0 (6 - 19) 0.0001
- 0.86+0.33 0.96+0.35 0.439 - 0.75+0.23 0.83+0.36 0.524
- 85(61.2—159.7) 55 (46.7—112.5) 0.289 - 84 (63—117.5) 77 (54—104.7) 0.594
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Total-CT (mg/dl) -

HDL-CT (mg/dl) -

Creatinine (ug/dl)

TSH (uUl/ml) )
Hypothyroidism (%) 0.0°
High-risk HLA 12.52

haplotypes (%) *

158.3+40.8
43.8+17.1
0.7 (0.6 - 0.8)
1.5+0.7
13.3°

61.5°

168.8+33.1
45.7+10.5
0.8 (0.7-0.9)
3.0+1.6
29.4°

56.3"

0.362

0.810

0.509

0.166

0.001

<0.001

0.0°

7.1°

160.3+23.2
48.2+19.6
0.7 (0.6 - 0.9)
1.741.2
13.3°

44.4°

165.8+44.1
52.8+12.8
0.7 (0.6 - 0.9)
1.3+0.9
19.8°

50.0°

0.785

0.597

0.353

0.694

0.016

0.001

Quantitative variables with normal distribution are presented as mean + SD, while quantitative variables with skewed distribution were log-
transformed before analyses and are presented as median (25"-75" percentiles). Categorical data are shown as %. * P values were computed
using % or ANOVA, followed by post-hoc tests (residual analysis or Tukey’s tests, respectively), as appropriate. Analyses with significant
differences are indicated as follows: means, medians or % indicated by different superscript letters differed from the other groups at P < 0.05. *

High-risk HLA haplotypes: DR4/DQ8 or DR3/DR4-DQ8 or DR3/DR3. BMI = body mass index; HbAlc = glycated hemoglobin; CT =

cholesterol.
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Table 2. MiRNA expressions in plasma from “screening sample” subjects obtained using Custom TagMan Array MicroRNA cards.

miRNA Controls (n=26) T1DM <S5 years (n= 16) T1DM >5 years (n=17) pP*

miR-15b-5p 1.77 (0.47 — 44.36) 4.72 (0.39 -91.08) 1.13(0.22 -31.33) 0.654
miR-21-5p 0.87 (0.32 — 4.05)" 6.74 (0.56 — 31.98)" 0.56 (0.17 —2.58)" 0.022
miR-21-3p 0.13 (0.02 - 0.50) 0.46 (0.002 —33.92) 0.18 (0.004 — 15.49) 0.489
miR-25-3p 1.25(0.49 —3.28) 2.43(0.47-14.17) 1.03 (0.33 -4.92) 0.625
miR-26b-5p 40.27 (9.25 - 50.17) ND 48.66 (10.06 — 162.85) 0.418
miR-29a-3p 0.66 (0.17 —1.20) 1.42 (0.31 -3.59) 0.40 (0.09 —0.70) 0.211
miR-29b-3p 0.75 (0.27 - 2.7) 0.24 (0.03 - 75.7) 0.96 (0.04 —4.85) 0.533
miR-101-3p 1.58 (0.20 — 5.15)* 24.97 (3.98 —241.18)" 1.41 (0.69 — 36.90)" 0.024
miR-103a-3p 0.72 (0.06 — 1.72)* 121.0 (0.79 — 905.79)° 0.27 (0.08 — 36.33)" 0.023
miR-125b-5p 0.48 (0.03 —17.69) 0.33 (0.03 —NO" 0.38 (0.07 — 156.22) 0.666
miR-126-3p 0.34 (0.07 — 1.06) 0.42 (0.28 — 1.3) 0.08 (0.02 - 0.66) 0.077
miR-133a-5p 0.30 (0.08 — 0.88) 0.95 (0.05 - 5.83) 0.31 (0.04 —0.76) 0.466
miR-146a-5p 1.64 (0.74 — 3.57)" 0.29 (0.05 —1.03)° 3.01 (1.13 - 5.47)" 0.0001
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miR-148a-3p
miR-148b-3p
miR-155-5p
miR-181a-5p
miR-200a-3p
miR-200c-3p
miR-210-3p
miR-222-3p
miR-320
miR-338-3p
miR-340-5p
miR-342

miR-1275

3.76 (0.79 — 6.16)
0.06 (0.03 — 0.36)°
0.45 (0.08 — 1.20)°
1.31(0.23 - 8.15)
1.06 (0.18 — 1.73)°
0.30 (0.07 — 1.12)
0.86 (0.19 — 1.99)°
1.99 (0.46 — 4.38)
0.52 (0.22 — 1.96)
1.49 (0.20 — 2.57)

0.46 (0.22 — 1.49)

0.04 (0.005 — 0.41)

0.94 (0.02 — 124.99)"

56.03 (0.38 —214.86)
60.44 (0.16 — 2483.72)"
1.88 (0.38 — 7.68)"
ND
59.90 (2.90 — 80.08)"
1.49 (0.02— 5.26)
479 (1.25-42.77)°
2.87 (1.18 - NO"
1.87 (0.37 — 6.88)
0.77 (0.02 — NO"
ND
1.97 (0.001 — NO™)

489.80 (6.47—911.68)"

2.36 (1.01 — 48.22)
1.13 (0.05 — 33.50)"
0.26 (0.05 — 0.64)°
0.07 (0.01 — 497.70)
0.78 (0.17 — 1.18)°
0.05 (0.02 — 1.05)
0.45 (0.25 — 3.22)°
0.98 (0.07 — 1.52)
0.42 (0.12 - 2.10)
7.82 (1.62 — 127.49)
1.56 (0.51 — 2.70)

0.07 (0.007 — 2.53)

9.91 (0.04 — 164.54)*°

0.933

0.030

0.012

0.486

0.001

0.165

0.014

0.318

0.096

0.180

0.285

0.425

0.039

Data are shown as median (25" — 75" percentiles) of n-fold change values since the distribution of this variable was skewed. *P values were

obtained from One-way ANOVA followed by Tukey post-hoc tests using the log-transformed variable. Values with significant differences are

103



indicated by different superscript letters (P <0.05), while statistically similar values are indicated by the same superscript letters. ND (not
detected) = no detectable miRNA expression was observed for this group. In this case, Student’s t-tests were used for comparisons between the

two remaining groups. # NO (non-observed) = no miRNA expression higher than the 50" percentile was observed for any subject. The other 19

miRNAs included in the array cards had no detectable expression or were expressed in less than 10% of the samples.
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Figure 1. Distinct miRNA expression patterns in TIDM patients grouped according to
T1DM duration. Heatmap of the 26 miRNAs expressed in the analyzed samples. The
miRNAs were clustered using the Pearson uncentered distance metric with average linkage.
Each column represents the samples in each group and each row represents an individual
MIRNA. Expression levels of miRNAs are shown in red (upregulated) and green
(downregulated), with brighter shades indicating higher fold differences (logio n-fold change
values) in relation to the calibrator sample. Lack of difference in expression levels is

represented in black.
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Figure 2. Differently expressed miRNAs in plasma from T1DM patients (with <5 years or >
5 years of diagnosis) and non-diabetic subjects from the “Validation sample set”. Relative
expressions of (A) miR-103a-3p, (B) miR-200a-3p, (C) miR-155-5p, (D) miR-210-3p and
(E) miR-146a-5p were assessed by quantitative RT-gPCR. Results are expressed as n-fold
changes in relation to the calibrator sample (AAC4 method), using U6SnRNA as the reference
gene, and are shown as median (25" — 75" percentiles). P-values were obtained using one-
way ANOVA tests with Tukey’s post-hoc tests, using the log-transformed variable. * P-value

<0.05; ** P-value <0.01
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Figure 3. Significant KEGG pathways related to T1IDM and regulated by the five
dysregulated miRNAs (miR-103a-3p, miR-146a-5p, miR-155-5p, miR-200a-3p and miR-
210-3p) in recently-diagnosed T1DM patients. Raw data used for this analysis were retrieved
from KEGG database [37]. Q-values: P values corrected for multiple tests using the
Benjamini-Hochberg procedure, which provides a False Discovery Rate (FDR) adjusted-P

value.
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Figure 4. Interactions among miRNAs and their target genes. Rhombuses represent miRNAs

and the circles represent their target genes. C= common target genes among all the three

pathways. Raw data used for this analysis were retrieved from KEGG database [37].
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SUPPLEMENTARY MATERIAL LIST

Supplementary Material 1. Detailed methods used for the “Bioinformatic Consensus

Analysis”.

Supplementary Figure 1. Venn diagram demonstrating the number of target genes
shared among the five dysregulated miRNAs validated in the “Validation sample set”.
The targets of these miRNAs were investigated using a combination of validated
experimental data and computational prediction tools, as described in the Methods

section.

Supplementary Figure 2. Consensus analysis of the bioinformatic tools used to
identify pathways. A) “Binary matrix” indicating whether a given pathway (rows) is
enriched (black) or not (white) in the results of a given functional enrichment tool
(columns). The greatest overlap among tools was concentrated in the upper portion of
the matrix, which in rows 1-108 represents the enriched terms of our original results,
ordered by decreasing level of significance. B) Venn diagrams for the “Pathways
Union”, and C) for the “Genes Union” options of mirPath, showing the number of
pathways/genes shared among tools. D) Pairwise Jaccard Similarity Coefficients.
Values closer to 1 (depicted in dark blue): indicate that two sets are more similar in
terms of their elements. Detailed information about these analyses can be found in the

Methods section and Supplementary Material 1.

Supplementary Table 1. Assay reference numbers for the 48 analyzed miRNAs

included in the TagMan Low Density Array cards.
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Supplementary Table 2. Receiver operating curves (ROC) for miR-103a-3p, miR-
146a-5p, miR-155-5p, miR-200a-3p and miR-210-3p expressions in plasma from

T1DM patients with less than 5 years of diagnosis and non-diabetic subjects.

Supplementary Table 3. MiRNA-target gene interactions for the five miRNAs
validated in the study (hsa-miR-103a-3p, hsa-miR-200a-3p, hsa-miR-155-5p, hsa-miR-
210-3p and hsa-miR-146a-5p). (Tabela em formato excel encaminhada em arquivo

digital anexo a tese).

Supplementary Table 4. Number of miRNA-target interactions for each of the five
miRNAs validated in the study (hsa-miR-103a-3p, hsa-miR-200a-3p, hsa-miR-155-5p,

hsa-miR-210-3p and hsa-miR-146a-5p).

Supplementary Table 5. Significant KEGG pathways for the five dysregulated
miRNAs validated in the study (hsa-miR-103a-3p, hsa-miR-200a-3p, hsa-miR-155-5p,
hsa-miR-210-3p and hsa-miR-146a-5p), imputed together. (Tabela em formato excel

encaminhada em arquivo digital anexo a tese).

Supplementary Table 6. Results of target analyses for four possibly dysregulated
miRNAs not validated in the study (hsa-miR-21-5p, hsa-miR-101-3p, hsa-miR-148b-3p,
and hsa-miR-1275). (Tabela em formato excel encaminhada em arquivo digital anexo a

tese).
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Supplementary Table 7. Consensus analysis of pathways obtained using different
bioinformatic tools (miRTarBase, starBase, miRecords, TargetScan, and DIANA
MicroT) compared with pathways obtained from mirPath (a DIANA suit tool) and
the Enrichr web server. (Tabela em formato excel encaminhada em arquivo digital

anexo a tese).

Supplementary Table 8. Differential expression between our results and those

from a dataset available in the GEO database (GSE26168).
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Supplementary Material 1. Detailed methods used for the “Bioinformatic

Consensus Analysis”.

Material and method — “Bioinformatics analysis”

To investigate a consensus of pathways, we compared the data between the
databases we choose first, as described in the material and method section in the text,
with a tool of DIANA suite, namely the mirPath, and with Enrichr web server
(http://amp.pharm.mssm.edu/Enrichr/).

We used the mirPath web tool from DIANA suite to investigate enriched
pathways for our set of 5 differentially expressed miRNAs. One important thing to
consider is that when submitting a list of miRNAs, miRPath allows two options for

recovering the set of target genes to be analyzed, either validated targets from TarBase

or predicted targets from MicroT. Therefore, mirPath does not allows the joint analysis

of validated and predicted targets for functional enrichment.

In addition, mirPath allows the definition of enriched pathways based on four
approaches, i.e., union of targets (“Genes Union”), intersection of targets (“Genes
Intersection”), union of individually enriched pathways (“Pathways Union”), and
intersection of individually enriched pathways (“Pathways Intersection”), among which
“Genes Union” is the default type of analysis. Since we are interested in investigating
the systemic and combinatorial effect of the dysregulation of these miRNAs, we
considered the union-based option more suitable for our study. Therefore, we carried
out four functional enrichment analysis with miRPath: i) analysis of targets from

TarBase (TB) based on Genes Union, ii) analysis of targets from TB based on Pathways
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Union, iii) analysis of targets from microT (MT) based on Genes Union, and finally, iv)
analysis of targets from MT based on Pathways Union.

In addition, we performed functional enrichment analysis with Enrichr.
Although there is a plethora of other data that we could use to analyze the biological
function of the differentially expressed miRNAs with Enrichr, we decided to maintain
the focus on KEGG Pathways given that this information give us a broad picture of
functional role and molecular interactions for target genes, as annotated in the pathways
maps from the database. Nonetheless, Enrichr does not support miRNAs identity (ids)
as input, such that the list of target genes retrieved by our approach (described in
Section “Materials and Methods - Bioinformatics analysis”) was used as input for this

tool.

115



Target genes shared among miRNAs
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Supplementary Figure 1. Venn diagram demonstrating the number of target
genes shared among the five dysregulated miRNAs validated in the “Validation
sample set”. The targets of these miRNAs were investigated using a combination
of validated experimental data and computational prediction tools, as described in

the Methods section.
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Supplementary Figure 2. Consensus analysis of the bioinformatic tools used to
identify pathways. A) “Binary matrix” indicating whether a given pathway (rows)
is enriched (black) or not (white) in the results of a given functional enrichment
tool (columns). The greatest overlap among tools was concentrated in the upper
portion of the matrix, which in rows 1-108 represents the enriched terms of our
original results, ordered by decreasing level of significance. B) Venn diagrams for
the “Pathways Union”, and C) for the “Genes Union” options of mirPath, showing
the number of pathways/genes shared among tools. D) Pairwise Jaccard Similarity
Coefficients. Values closer to 1 (depicted in dark blue): indicate that two sets are
more similar in terms of their elements. Detailed information about these analyses

can be found in the Methods section and Supplementary Material 1.
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Supplementary Table 1. Assay reference numbers for the 48 analyzed miRNAs

included in the TagMan Low Density Array cards.

miRNA ID Assay reference number*

hsa-miR-103a-3p 000439
hsa-miR-10a-3p 002288
hsa-miR-124-5p 002197
hsa-miR-125b-5p 000449
hsa-miR-126-3p 002228
hsa-miR-133a-3p 002246
hsa-miR-146a-5p 000468
hsa-miR-148a-3p 000470
hsa-miR-148b-3p 000471
hsa-miR-152-3p 000475
hsa-miR-155-5p 002623
hsa-miR-181a-5p 000480
hsa-miR-191-5p 002299
hsa-miR-199a-5p 000498
hsa-miR-200a-3p 000502
hsa-miR-200c-3p 002300
hsa-miR-210-3p 000512
hsa-miR-21-3p 002438
hsa-miR-222-3p 002276
hsa-miR-24-3p 000402
hsa-miR-25-3p 000403
hsa-miR-26a-5p 000405
hsa-miR-26b-5p 000407
hsa-miR-27b-3p 000409
hsa-miR-29a-3p 002112
hsa-miR-29b-3p 000413
hsa-miR-31-5p 002279
hsa-miR-320a 002277
hsa-miR-326 000542
hsa-miR-340-5p 002258
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hsa-miR-342-5p
hsa-miR-34a-5p
hsa-miR-375
hsa-miR-510-5p
hsa-miR-93-3p
hsa-let-7f-5p
hsa-miR-101-3p
hsa-miR-1275
hsa-miR-15b-5p
hsa-miR-195-5p
hsa-miR-32-5p
hsa-miR-338-3p
hsa-miR-424-5p
hsa-miR-21-5p
U6 snRNA
RNU44
RNU48

002147
000426
000564
002241
002139
000382
002253
002840
000390
000494
002109
002252
000604
000397
001973
001094
001006

* Assay numbers for the miRNA catalogue of Thermo Fisher Scientific (DE, USA)

from where the assays were acquired. ID = miRNA identity in miRBase. hsa = homo

sapiens.
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Supplementary Table 2. Receiver operating curves (ROC) for miR-103a-3p, miR-146a-5p, miR-155-5p, miR-

200a-3p, and miR-210-3p expressions in plasma from T1DM patients with less than 5 years of diagnosis and non-

diabetic subjects.

T1DM patients < 5 years of AUC 95% CI Pvalue Cutoff Sensitivity Specificity
diagnosis vs non-diabetic subjects

miR-103a-3p unadjusted 0.759  0.576-0.942  0.011

miR-103a-3p adjusted* 0.778 0.610-0.946 0.005 -0.201 0.889 0.706
miR-146a-5p unadjusted 0.845  0.742-0.949  0.0001

miR-146a-5p adjusted* 0.811 0.695-0.927 0.0001 -0.387 0.781 0.636
miR-155-5p unadjusted 0.688 0.511-0.864 0.029

miR-155-5p adjusted* 0.699 0.529-0.869 0.018 -0.706 0.656 0.737
miR-200a-3p unadjusted 0.781  0.618-0.945  0.001

miR-200a-3p adjusted* 0.800 0.650-0.950 0.0001 -0.660 0.903 0.700
miR-210-3p unadjusted 0.744 0.625-0.92 0.001

miR-210-3p adjusted* 0.775 0.632-0.918 0.001  -0.288 0.867 0.700
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AUC = area under the curve; Cl = confidence interval. AUC, Cut-off, sensibility and specificity values are provided by ROC
curve analysis, as described in the Methods Section. *ROC curve analyses after adjustment for TIDM high-risk HLA

haplotypes.
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Supplementary Table 4. Number of miRNA-target interactions for each of the 5 miRNAs validated in the study.

miRNA Experimental + predicted Experimental evidences Predicted evidences
evidences (non-redundant) only only
hsa-miR-103a-3p 877 142 857
hsa-miR-146a-5p 208 75 140
hsa-miR-155-5p 501 264 333
hsa-miR-200a-3p 590 143 527
hsa-miR-210-3p 68 45 33

Numbers of targets were obtained using distinct bioinformatic databases, and include both experimentally validated and computational

predicted targets, as described in the Methods Section. hsa = homo sapiens.
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Supplementary Table 8. Differential expression between our results and the results from a

dataset available at GEO database (GSE26168).

mMiRNA Our results GSE26168 (avg. fold change among probes)

T1DM <5 years TIDM <5 T2DM vs. non- T2DM vs. Pre-diabetes

vs. non-diabetic years vs. diabetic pre-diabetes VS. non-
TiDM =5 diabetic
years

hsa-miR-103a-3p 2.130* 2.139* -1.491 0.010 -1.501
hsa-miR-200a-3p 2.022* 1.781* 0.001 -0.006 0.007
hsa-miR-155-5p 1.269* 1.114* -0.021 0.013 -0.033
hsa-miR-210-3p 1.558* 1.693* -0.015 -0.031 0.016
hsa-miR-146a-5p -1.014* -0.837* -0.044 -0.019 -0.025

Values are shown as log;o(fold change) in relation to the comparative group. *P <0.05 (obtained from t-tests
using the log-transformed variable). Logio(fold changes) showed for miRNAs expressed in the samples from
GEO were provided in the original publication reported in GSE26168. Moreover, P values for the

comparisons among groups from GSE26168 were retrieved from the original publication (all P values >0.05).
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Abstract

Aims Type 1 diabetes mellitus (T1DM) is characterized
by severe autoimmune destruction of pancreatic beta-cells.
The triggering of autoimmunity against beta-cells is
probably caused by a combination of environmental and
genetic risk factors. Even though much is known about
the genetic of T1DM, more information is needed to
completely unravel this tangled disease. MicroRNAs
(miRNAs) are a class of small noncoding RNAs mole-
cules that negatively regulate gene expression by inducing
target mRNA cleavage or by inhibiting protein translation.
Abnormal miRNA expressions have been described in
autoimmune diseases and T1DM. Polymorphisms in genes
codifying miRNAs may alter the expression of the cor-
responding miRNA and, thus, confer susceptibility for a
given disease. Therefore, the aim of this study was to
investigate whether polymorphisms in genes encoding
miR-155, miR-146a, and miR-375 are associated with
T1DM.

Methods Frequencies of the miRNA-146a 12910164,
miRNA-155 15767649 and miRNA-375 rs6715345 poly-
morphisms were analyzed in 490 T1DM patients and in
469 nondiabetic subjects.
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Results The miR-146a 1s2910164 and miR-155 rs767649
polymorphisms were associated with protection for T1DM,
and the strongest association was observed for the domi-
nant model [odds ratio (OR) = 0.557 95% CI 0.355-0.874
and OR = 0.508, 95% CI 0.265-0.973, respectively, after
adjustment for age, ethnicity, and risk HLA loci]. However,
miR-375 156715345 frequencies did not differ between
cases and controls.

Conclusion MiR-146a 152910164 and miR-155 rs767649
polymorphisms were associated with protection for TIDM.

Keywords Type 1 diabetes mellitus - Polymorphisms -
MicroRNA

Introduction

Type 1 diabetes mellitus (T1DM) results from a cellular-
mediated autoimmune destruction of pancreatic beta-cells,
leaving patients insulin-dependent for life [1]. The trig-
gering of autoimmunity against beta-cells arises from a
multifaceted interaction between multiple genetic and
environmental risk factors [2]. More than 50 genes have
been identified to influence the risk of T1IDM, with HLA
class II genes having the greatest impact on susceptibility
[3]. Other loci have minor impact on the risk for T1DM;
however, the combination of HLA haplotypes and non-
HLA polymorphisms has been shown to aid disease pre-
diction [4]. Hence, the discovery of new polymorphisms
associated with TIDM may improve the prediction of this
disease.

MicroRNAs (miRNAs) are small noncoding RNAs that
negatively regulate gene expression by partially pairing to
the 3’ untranslated region of their target mRNAs, leading to
translation repression and/or transcript degradation [5, 6].
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Their roles have been demonstrated in the regulation of
various physiological and pathophysiological functions of
immune system as well as beta-cell development and
death, which are mechanisms involved in TIDM patho-
genesis [7, 8]. In this context, miR-146a and miR-155
expressions have being described as dysregulated in TIDM
[9, 10] and other autoimmune diseases [11, 12]. These
miRNAs were linked with inflammatory responses due to
their upregulation in multiple cell lineages by proinflam-
matory cytokines and pathogen-derived ligands of toll-like
receptors (TLRs) [13, 14]. Moreover, because induction of
miR-146a and miR-155 is dependent of the transcription
factor NF-xB, they were suggested as immune-response
molecules for both adaptive and innate immune systems
[15-17]. miRNA-375 is highly expressed in pancreatic
islets and is important for insulin secretion and beta-cell
development and maintenance [18, 19]. Consequently, this
miRNA has been proposed as a biomarker to detect beta-
cell death and to predict the development of TIDM
[6, 20, 21].

Although the research on miRNAs and T1DM has
focused on gene expression studies [6, 22, 23], polymor-
phisms in miR-146a, miR-155 and miR-375 genes might be
involved in TIDM development since they could alter both
the expression and functionality of these miRNAs; possible
resulting in dysregulation of their target genes [24]. To
date, only few studies reported associations between
polymorphisms in the miR-146a gene and autoimmune
diseases, such as rheumatoid arthritis (RA), multiple scle-
rosis, asthma, and Crohn’s disease [25-27]. No study has
evaluated the association between polymorphisms in miR-
146a, miR-155 and miR-375 genes and T1DM develop-
ment. Therefore, the aim of this study was to investigate
the association of miR-146a rs2910164, miR-155 rs767649
and miR-375 rs6715345 polymorphisms with TIDM in a
Brazilian population.

Subjects and methods

Subjects, phenotype measurements, and laboratory
analyses

This case—control study was designed in accordance with
STROBE and STREGA guidelines for reporting of genetic
association studies [28, 29]. The case sample comprised
490 T1DM patients recruited from the outpatient clinic at
Hospital de Clinicas de Porto Alegre (Rio Grande do Sul,
Brazil) between January 2005 and December 2013.
Patients were diagnosed as having T1DM according to
American Diabetes Association guidelines [1]. The
nondiabetic group (controls) comprised 469 healthy blood
donors recruited from the same hospital, who did not have

@ Springer

diabetes or family history of this disease. Moreover, only
subjects with glycated hemoglobin (HbAlc) <5.7% were
included in the control group [1]. The ethnic group was
defined based on self-classification, and the ethnic distri-
bution between samples was as follows: 1.0% of black
patients in the TIDM group and 7.3% of black subjects in
the control group (P = 0.0001). All subjects gave assent
and written informed consent prior to participation.

A standard questionnaire was used to collect informa-
tion on age, age at DM diagnosis, T1DM duration and drug
treatment, and all patients underwent physical and labora-
tory evaluations, as previous described [30]. Serum and
plasma samples were taken after 12 h of fasting for labo-
ratory analyses [30].

Genotyping

DNA was extracted from peripheral blood leukocytes by a
standardized salting-out procedure. MiR-146a 1s2910164
(C/G) and miR-155 15767649 (T/A) polymorphisms were
genotyped using TagMan SNP Genotyping Assays 20x
(Thermo Fisher Scientific, Foster City, CA, USA), while
the miR-375 rs6715345 (C/G) polymorphism was geno-
typed using the Custom TagMan Genotyping Assay 20x
(Thermo Fisher Scientific). Reactions were conducted in
384-well plates, in a total of 5 pl volume, using 2 ng of
genomic DNA, TagMan Genotyping Master Mix 1x
(Thermo Fisher Scientific) and TagMan Genotyping Assay
1x. Plates were then positioned in a real-time PCR thermal
cycler (ViiA7 Real-Time PCR System; Thermo Fisher
Scientific) and heated for 10 min at 95 °C, followed by 50
cycles of 95 °C for 15 s and 62 °C for 1 min. Polymor-
phisms of interest in miR-146a, miR-155 and miR-375
genes were selected using the miRNASNP 2.0 website
(http://www.bioguo.org/miRNASNP/) [31] and miRNA-
Map website (http://mirnamap.mbc.nctu.edu.tw/index.php)
[32]. Only polymorphisms that had minor allele frequen-
cies higher than 1% were considered. Moreover, miRNA-
146a and miR-155 rs767649 polymorphisms were also
selected based on available literature: rs2910164 was
reported as being associated with other autoimmune dis-
eases [26] and diabetic chronic complications [33, 34],
while 15767649 was associated with lung cancer [35].
Since HLA class II (DR and DQ) haplotypes may
influence the association of non-HLA polymorphisms with
T1DM [3], we also analyzed the frequencies of high-risk
HLA haplotypes in case and control groups. For this, three
polymorphisms of the HLA class II loci (rs3104413,
1s2854275 and rs9273363) were genotyped in all samples
using Custom TagMan Genotyping Assay 20x, as descri-
bed above. A study showed that these polymorphisms can
predict HLA-DR/DQ haplotypes relevant to TIDM with an
accuracy >99% [3]. Thus, using the method proposed by
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Nguyen et al. [3], we determined the frequencies of the
following HLA-DR/DQ haplotypes: high-risk haplotypes
(DR4/DQ8, DR3/DR4-DQ8 or DR3/DR3), intermediate-
risk haplotypes (DR3/DRx), and low-risk haplotypes (DRx/
DRx or DR4/DQ7).

Although real-time PCR is not the gold standard for
genotyping polymorphisms; nowadays, it is the most
commonly technique used in epidemiological studies
involving a large number of subjects and frequencies of
known polymorphisms. Of note, 10% of the amplification
reactions were performed twice, with a calculated error rate
based on PCR duplicates of <0.5%. Moreover, genotyping
success was more than 95% in our samples.

Statistical analysis

Allele frequencies were determined by gene counting, and
departures from the Hardy—Weinberg equilibrium (HWE)
were verified using Chi-square tests. Allele and genotype
frequencies were compared between groups of subjects
using Chi-square tests. Clinical and laboratory character-
istics were compared between groups by using unpaired
Student’s ¢ test or Chi-square, as appropriate. Variables
with normal distribution are presented as mean + SD.
Variables with skewed distribution were log-transformed
before analyses and are presented as median (minimum-—
maximum values). The magnitude of association of dif-
ferent genotypes with TIDM was estimated using odds
ratio (OR) with 95% CI in logistic regression analysis,
adjusting for age, ethnicity, and high-risk HLA haplotypes.

Power calculations (PEPI program, v. 4.0) showed that
this study has a power of approximately 80% at a signifi-
cance level of 0.05 to detect an OR of 0.6 or higher (for the
presence of the minor alleles of each polymorphism). All
analyses were performed with the SPSS 18.0 software

(SPSS, Chicago, IL). P values <0.05 were considered
significant.

Results
Sample description

The main clinical and laboratory characteristics of TIDM
patients and nondiabetic subjects included in the study are
described in Table 1. Mean age and mean body mass index
(BMI) were higher in nondiabetic subjects than in T1DM
patients (P = 0.001). As already mentioned, the percent-
age of black subjects was higher in the control group
compared with cases (P = 0.0001). As expected, mean
HbA Ic, prevalence of arterial hypertension and frequencies
of high-risk HLA haplotypes were higher in cases than
control subjects (P < 0.00001). Mean age at TIDM diag-
nosis was 16 (1-29.9) years, 31.8% of cases had diabetic
kidney disease (DKD), and 44.5% had diabetic retinopathy.

Genotype and allele distributions

Genotype distributions of miR-146a 152910164 (C/G), miR-
155 15767649 (T/A), and miR-375 rs6715345 (C/G) poly-
morphisms were in agreement with those predicted by
HWE in nondiabetic subjects (P > 0.05). Frequencies of
miRNA minor alleles in white and black subjects were:
28.9 versus 32.1% for the miR-146a rs2910164C allele
(P = 0.27), 6.5 versus 7.0% for miR-155 rs767649A allele
(P = 0.72), and 3.2 versus 3.4% for miR-375 rs6715345C
allele (P = 0.99).

Frequencies of miR-146a rs2910164, miR-155 1s767649,
and miR-375 rs6715345 polymorphisms in T1DM patients
and nondiabetic subjects are depicted in Table 2. MiR-146a

Table 1 Characteristics of
T1DM patients and nondiabetic

subjects included in this case—
control study

Characteristic T1DM patients (n = 490) Nondiabetic subjects (n = 469) P value
Age (years) 343 £ 12.1 40.3 £ 9.7 0.0010
Gender (% male) 50.3 55.8 0.06
Ethnicity (% white) 99.0 92.6 0.0001
HbAlc (%, mmol/mol) 8.7 +£2.1(71.6 £17.5) 53 £0.2 (344 £ 0.75) 0.0001
BMI (kg/m?) 23.8 £34 26.8 £ 4.8 0.001
Hypertension (%) 30.6 52 0.0001
Smoking (%) 10.8 7.1 0.15
High-risk HLA haplotype (%)*  57.1 17.0 0.0001
Age at TIDM diagnosis (years) 16 (1-30) - -
Diabetic kidney disease (% yes) 31.8 - -
Diabetic retinopathy (% yes) 44.5 - -
P value was computed using Chi-square tests or Student’s ¢ test, as appropriated
HbA ¢ glycated hemoglobin, BMI body mass index
* High-risk HLA haplotypes: DR4/DQ8 or DR3/DR4-DQ8 or DR3/DR3

@ Springer

129



Acta Diabetol

Table 2 Genotype and allele frequencies of miRNA polymorphisms in patients with type 1 diabetes mellitus (TIDM) and nondiabetic subjects

Polymorphism

T1DM patients

Nondiabetic subjects

Unadjusted OR (95% CI)/P

Adjusted OR (95% CI)/P*

miR-146a rs2910164 n =431 n = 405
Genotype

G/G 257 (59.6) 192 (47.4)

G/C 142 (33.0) 161 (39.8)

C/C 32 (7.4) 52 (12.8)
Dominant model

G/G 257 (59.6) 192 (47.4)

C/C 4+ C/IG 174 (40.4) 213 (52.6)
Recessive model

C/G + G/G 399 (92.6) 353 (87.2)

C/C 32 (7.4) 52 (12.8)
Additive model

G/G 257 (59.6) 192 (47.4)

C/C 32 (7.4) 52 (12.8)
miR-155 13767649 n = 490 n =391
Genotype

T/T 446 (91.0) 334 (85.4)

T/A 44 (9.0) 57 (14.6)

A/A 0 0
miR-375 rs6715345 n =429 n = 469
Genotype

G/G 399 (93.1) 440 (93.8)

G/C 29 (6.7) 28 (5.9)

C/C 1(0.2) 1(0.3)
Dominant model

G/G 399 (93.1) 440 (93.8)

C/C + G/C 30 (6.9) 29 (6.2)

1
0.460 (0.285-0.742)/0.001
0.659 (0.492-0.883)/0.005

1
0.499 (0.352-0.707)/0.0001

1
0.544 (0.343-0.865)/0.01

1
0.460 (0.285-0.742)/0.001

1
0.578 (0.381-0.878)/0.01

1
0.907 (0.057-14.546)/0.95

1
0.877 (0.517-1.486)/0.63

1
0.505 (0.220-1.156)/0.11
0.570 (0.353-0.919)/0.02

1
0.557 (0.355-0.874)/0.01

1
0.637 (0.285-1.423)/0.27

1
0.505 (0.220-1.148)/0.10

1
0.508 (0.265-0.973)/0.04

1
0.847 (0.363-1.975)/0.70

1
0.923 (0.406-2.097)/0.85

Data are shown as n (%) or proportion

Considering the low frequency of minor alleles of miR-155 rs767649 and miR-375 1rs6715345 polymorphisms only the dominant inheritance

model was tested

* Adjusted by age, ethnicity, and high-risk HLA haplotypes

rs2910164C allele frequency was 23.9% in T1DM patients
and 32.7% in controls (P = 0.003). Genotype frequencies
of the 152910164 polymorphism were different between
TIDM and control groups (P = 0.001). Moreover, the C
allele was associated with protection for TIDM under
dominant, recessive, and additive inheritance models
(P =0.0001, P=0.01, and P = 0.001, respectively).
However, after adjustment for the presence of high-risk
HLA haplotypes, age, and ethnicity, the miR-146a
rs2910164 polymorphism remained associated with T1IDM
only for the dominant model (OR = 0.557, 95% CI
0.355-0.874; P = 0.01) (Table 2).

MiR-155 1s767649A allele frequency was 4.5% in
TIDM patients compared with 7.3% in controls
(P = 0.006). The frequency of the T/A genotype was also
higher in TIDM cases than control subjects (P = 0.01),
and this genotype remained associated with protection for

@ Springer

T1DM after adjustment for high-risk HLA haplotypes, age,
and ethnicity (OR = 0.508, 95% CI 0.265-0.973;
P = 0.04) (Table 2). No subject carried the rare A/A
genotype; thus, no genetic inheritance model was tested.
Interestingly, miR-155 15767649 and miR-146a
152910164 polymorphisms seem to interact in the suscep-
tibility for TIDM since the prevalence of TIDM was lower
as more minor alleles of the two polymorphisms were
present in the subjects (P-trend = 0.001, Table 3). Thus,
the presence of two minor alleles of rs767649 and
rs2910164 polymorphisms was 9.8% in T1DM patients
compared with 15.1% in nondiabetic subjects
(OR = 0.541, 95% CI 0.338-0.865; P = 0.01), but the
presence of three minor alleles of the two polymorphisms
was only 0.5% in diabetic patients compared with 2.5% in
controls (OR = 0.181, 95% CI 0.038-0.866; P = 0.03). No
subject carried four minor alleles of both polymorphisms.
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Table 3 Interaction analysis between miR-146a 152910164 and miR-155 rs767649 polymorphisms

T1DM patients Nondiabetic subjects (n = 338) Unadjusted OR (95% CI)/ P-trend
(n = 388) P

No minor alleles [TT-GG] 204 (52.6)" 148 (43.8)" 1 0.001

1 minor alleles [AT-GG or TT-CG] 144 (37.1) 131 (38.7) 0.797 (0.581-1.095)/0.16

51 (15.1)1
8 (2.4)f

38 (9.8)"
2 (0.5)F

2 minor alleles [AA-GG, AT-CG or TT-CC]
3 minor alleles [AA-CG or AT-CC]

0.541 (0.338-0.865)/0.01
0.181 (0.038-0.866)/0.03

No subject carried 4 minor alleles of the two analyzed polymorphisms

¥ P < 0.05 in the standardized residual analysis

miR-375 1s6715345C allele frequency was 3.6% in
TIDM patients and 3.3% in the nondiabetic group
(P = 0.59). Genotype frequencies of the rs6715345 poly-
morphism were also similar between groups (P = 0.89),
and the polymorphism was not associated with TIDM
when considering the dominant model of inheritance
(P = 0.85), adjusting for co-variables. Due to the low
frequency of the C allele, no other inheritance model was
tested (Table 2).

In an exploratory analysis, clinical, and laboratories
characteristics were compared between TIDM patients
carrying the minor alleles of the three analyzed miRNAs
polymorphisms (data not shown).

Age, gender, age at TIDM diagnosis, systolic and
diastolic blood pressure, BMI, lipid profile, and HbAlc
were similar between subjects carrying the minor alleles of
the miR-146a 152910164, miR-155 rs767649, and miR-375
rs6715345 polymorphisms, analyzed individually, and
subjects carrying ancestral homozygous genotypes
(P > 0.05). However, T1DM patients carrying the miR-375
rs6715345C allele (dominant model) had lower fasting
plasma glucose levels compared to patients with the G/G
genotype (127.0 £ 65.4 vs. 180.4 £+ 107.6; P = 0.001). In
nondiabetic subjects, age, gender, HbAlc, BMI, and
prevalence of hypertension were similar between different
genotypes of the analyzed polymorphisms (dominant
model, all P > 0.05).

Discussion

MiRNAs are key regulators of gene expression and, like
other genes, their coding sequences are subject to genetic
variation. Polymorphisms in miRNA genes can have
marked effects on miRNA functionality at all levels,
including miRNA transcription, maturation and target
specificity and, consequently, they may contribute to
T1DM pathogenesis [24, 36]. Nevertheless, studies that
evaluated the association between miRNAs and T1DM
focused on gene expression profiles. Thus, for the first
time, we analyzed the associations of miR-146a rs2910164,

miR-155 15767649, and miR-375 rs6715345 polymor-
phisms with TIDM. Although frequencies of the miR-375
rs6715345 polymorphism were not significantly different
between TIDM patients and nondiabetic subjects, miR-
146a 152910164 and miR-155 15767649 polymorphisms
were associated with protection for T1DM, adjusting for
high-risk HLA haplotypes, age, and ethnicity.

Growing evidence indicates that miRNA-146a has a role
in innate immunity by negatively regulating the inflam-
matory response after recognition of bacterial components
by TLRs on monocytes and macrophages [17, 37-44].
Proinflammatory cytokines such as TNF and IL-1f also
activate miR-146a expression [10, 37, 45]. Then, upon
activation by cytokines or lipopolysaccharide (LPS), in a
NF-kB-dependent manner, miR-146a targets TRAF-6 and
IRAK-1 expressions. These genes encode two key adapter
molecules downstream of TLRs and cytokine receptors,
indicating a role of miR-146a in controlling signaling from
these receptors through a negative feedback loop involving
downregulation of TRAF-6 and IRAK-1, which prevents
overstimulation of the TLR pathway rather than totally
abrogate it [13, 15, 17]. Because both TRAF-6 and IRAK-1
act in the same cascade, the cumulative effect of a decrease
in their expressions would probably have a considerable
effect on TLR signaling [15]. Moreover, miR-146a sup-
presses LPS-induced IxBo phosphorylation, decreasing
NF-kB activation in both cardiomyocytes and macrophages
[41].

MiR-146a also seems to participate in the adaptive
immune system, being highly expressed in Tregs [13]. Lu
et al. [46] found that this miRNA regulates Treg-mediated
suppression of IFNy-dependent Thl responses and associ-
ated autoimmunity by directly targeting STAT-1, con-
tributing to a severe failure of immune tolerance. MiR-
146a is also induced in human primary T lymphocytes
upon T-cell receptor (TCR) stimulation. In particular, miR-
146a overexpression impairs both activator protein 1 (AP-
1) activity and IL-2 production induced by TCR engage-
ment, further suggesting a role of this miRNA in the
modulation of adaptive immunity [47]. Accordingly, miR-
146a was reported as being downregulated in serum and
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peripheral blood mononuclear cells (PBMCs) from newly
diagnosed T1DM patients compared with healthy control
subjects [9]. Interestingly, decreased miR-146a expression
was significantly associated with high serum glutamic acid
decarboxylase antibody titers [9].

In contrast, Roggli et al. [10] reported that miR-146a
was increased in pancreatic islets from non-obese diabetes
(NOD) mice during development of pre-diabetic insulitis.
Furthermore, exposure of MIN-6 cells and human beta-
cells to IL-1 and TNF induced miR-146 expression, which
increased beta-cell apoptosis through an unknown mecha-
nism. Blocking miR-146a in MIN-6 cells using an anti-
sense molecule protected these cells from cytokine-induced
apoptosis and also prevented the reduction in glucose-in-
duced insulin secretion observed after IL-1 exposure [10].

The 152910164 (G/C) polymorphism is located within
the seed sequence of the pre-miR-146a (Fig. 1a), and the
minor C allele is predicted to cause a mispairing within the
hairpin stem, possible altering the interaction of miR-146a
with its targets [24, 48]. Jazdzewski et al. [48] reported that
the C allele affected the processing efficacy of pre-miR-
146a into the mature form, causing an almost twofold
decrease in the mature miR-146a in human bone
osteosarcoma epithelial cells. This reduction in miR-146a
led to less efficient inhibition of its target genes such as
TRAF-6 and IRAK-1. Similar results were found in a 293T

cell line derived from human embryonic kidneys [49];
however, another study performed in a MCF-7 breast
cancer cell line showed that the C allele resulted in ele-
vated expression of mature miR-146a [50]. Several studies
have reported the association of the miR-146a rs2910164
polymorphism with different cancers [48—50], autoimmune
diseases [25-27], diabetic polyneuropathy and cardiovas-
cular autonomic neuropathy in T2DM patients [34], and
DKD in TIDM patients [33], corroborating a functional
role of this polymorphism. Nevertheless, additional studies
are needed to clarify the functional effect of the rs2910164
polymorphism in immune cells as well as pancreatic beta-
cells.

MiR-155 is processed from an exon of a noncoding
RNA transcribed from the B-cell integration cluster (BIC)
located on chromosome 21 [15, 16]. BIC/miR-155 is highly
expressed in activated T and B cells as well as dendritic
cells and macrophages [16] and is induced by inflammatory
mediators including IFN-B, TNF, IFN-y, and different
bacterial- and viral-derived TLR ligands [14, 51-53].
Because miR-155 induction involves both NF-xB and the
c-Jun N-terminal kinase (JNK), it fits the profile of a typical
immune-response molecule [14, 15]. During normal con-
ditions, activated NF-kB upregulates miR-155 that, upon
processing and maturation, downregulates IkB kinases
(IKKs) to reduce the activation of NF-xB [51]. MiR-155

I—)r56715345
J

12910164 (G)

.0 64.95 2000

I—)rs767649
]

1570 2000

Fig. 1 Localization of the three analyzed polymorphisms in their corresponding pre-miRNA and flanking regions. a miR-146a rs2910164;
b miR-375 1s6715345; ¢ miR-155 rs767649. Figures were performed based on miRNAMap and miRNASNP 2.0 websites
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also positively regulates host antiviral immune response by
promoting type I IFN signaling through targeting SOCS1, a
negative regulator of type I IFN pathway [53]. This
miRNA has been involved in numerous biological pro-
cesses, including myeloid cell differentiation, inflamma-
tion, and innate and adaptive immunity [16, 38, 40,
52, 54-56]. Consequently, miR-155 dysregulation has been
associated with different types of cancer, cardiovascular
diseases, viral infections, RA, DKD, and other diabetic
chronic complications [11, 16, 23, 51]. Moreover, this
miRNA was downregulated in serum from newly diag-
nosed T1DM patients [18].

The rs767649 (T/A) polymorphism is located in the
upstream flanking region of the pre-miR-155 gene in a
potential enhancer element (Fig. 1b), and it was predicted
to disrupt the binding of NF-xB and other regulatory fac-
tors to the miR-155 [35, 57]. Xie et al. [35] reported that
the rs767649T/T genotype was associated with risk to
nonsmall cell lung cancer. Moreover, functional experi-
ments showed that the T allele increased the transcriptional
activity of miR-155 in a lung cancer cell line (A549) and in
turn promoted increased cell proliferation, migration, and
invasion via the oxidative stress-related pathway [35]. The
T/T genotype was also associated with increased risk and
poor survival of hepatocellular carcinoma, and the T allele
contributed to higher miR-155 expression in both hepato-
cellular carcinoma and adjacent nontumor tissues [58]. To
date, no study has evaluated the association between the
miR-155 15767649 polymorphism and T1DM, T2DM, or
diabetic chronic complications.

In the present study, miR-155 rs767649 and miR-146a
rs2910164 polymorphisms seem to interact in the suscep-
tibility for TIDM as the prevalence of TIDM decreased as
more minor alleles of the two polymorphisms were present
in the subjects. Considering that rs767649A and
152910164C alleles seem to be associated with decreased
expression of the respective miRNAs, we therefore
hypothesized that the reduced levels of mature miR-146a
and miR-155 might have impaired ability to dampen NF-
kB-mediated inflammation in beta-cells, predisposing to
TIDM. Further studies are necessary to confirm this
hypothesis in beta-cells.

miR-375 is the most abundant miRNA detected in islets
and is important for development and maintenance of
normal alpha- and beta-cell mass in mice [19, 59]. Erener
et al. [60] showed that massive beta-cell loss elicited by
administration of streptozotocin in C57BL/6 mice caused a
dramatic increase in circulating levels of miR-375. Plasma
levels of miR-375 were considerably increased in NOD
mice 2 weeks before the onset of TIDM, suggesting that
this miRNA can be used as a marker of beta-cell death
[60]. Marchand et al. [21] reported that miR-375 expression
was lower in serum from newly diagnosed T1DM children

(before insulin treatment) than in serum from nondiabetic
pediatric controls. This miRNA was also downregulated in
isolated human islets exposed to high glucose concentra-
tions [21].

The rs6715345 polymorphism is located in the near
upstream flanking region of the pre-miR-375 (Fig. lc),
and it was predicted to be a potentially functional variant
[61]. Here, we could not find any association between the
16715345 polymorphism and TIDM. Nevertheless,
TIDM patients carrying the miR-375 rs6715345C allele
had lower fasting plasma glucose levels compared to
patients with the G/G genotype. This association is bio-
logically plausible considering the recognized role of
miR-375 in insulin secretion and beta-cell mass [59, 62].
In particular, miR-375 plays a negative regulatory role in
glucose-induced insulin secretion since this miRNA tar-
gets myotrophin mRNA, which codifies a protein involved
in insulin granule function [63]. Moreover, glucose seems
to influence the cAMP-PKA pathway to repress miR-375
expression, whereas lower miR-375 levels promote insulin
secretion to reduce blood glucose levels (reviewed in
[19]). Accordingly, miR-375 knockout mice are hyper-
glycemic and glucose intolerant despite normal insulin
secretion [18]. Thus, we hypothesized that the miR-375
rs6715345C allele might be associated with decreased
miRNA-375 expression, leading to increased insulin
secretion by beta-cells. Further studies are needed to
evaluate the role of the rs6715345 polymorphism in beta-
cell function.

In conclusion, the present study indicates that miR-146a
1s2910164 and miR-155 15767649 polymorphisms are
associated with protection for TIDM in Brazilian subjects.
These associations are biological plausible considering the
involvement of miR-146a and miR-155 in immunity and
inflammation, which are key players in TIDM pathogen-
esis. Further studies are required to confirm these associ-
ations in other populations.
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ABSTRACT

Introduction: MicroRNAs (miRNAs) are small non-coding RNAs that regulate gene
expression. Emerging evidence has suggested a role for miRNAs in the development of
diabetic kidney disease (DKD), indicating that miRNAs may represent potential
biomarkers of this chronic diabetic complication. However, results are still
inconclusive, with few miRNAs being consistently dysregulated among studies.
Therefore, we performed a systematic review of the literature on the subject, followed
by bioinformatic analysis, to point out which miRNAs are dysregulated in DKD patients
and in which pathways they participate.

Methods: PubMed and EMBASE were searched to identify all studies that compared
miRNA expressions between patients with DKD (cases) and diabetic patients without
this complication or healthy subjects (control groups). MIRNA expressions were
analyzed in kidney biopsies, urine/urinary exosomes or total blood/plasma/serum.
MiRNAs consistently dysregulated in DKD patients were submitted to bioinformatic
analysis to retrieve their putative target genes and identify potentially affected pathways
under their regulation.

Results: Twenty-seven studies were included in the systematic review. Among 151
dysregulated miRNAs reported in these studies, 14 (9.2%) were reported in at least 3
studies. Of them, 6 miRNAs were consistently dysregulated in patients with different
stages of DKD compared to control subjects: miR-21-5p, miR-29a-3p, miR-126-3p,
miR-192-5p, miR-214-3p, and miR-342-3p. Bioinformatic analysis indicated that these
6 miRNAs are involved in pathways related to DKD pathogenesis, such as apoptosis,

fibrosis, and extracellular matrix accumulation.
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Conclusion: Six miRNAs seem to be dysregulated in patients with different stages of

DKD, constituting potential biomarkers of this disease.

Keywords: Systematic review; microRNA; diabetic kidney disease; bioinformatic

analyses.
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INTRODUCTION

Diabetic kidney disease (DKD), also known as diabetic nephropathy (DN), is a
common microvascular complication that affects approximately 40% of patients with
type 1 and type 2 diabetes mellitus (DM) (1, 2). This complication is the leading
cause of end-stage renal disease (ESRD) in patients starting renal replacement therapy
and is associated with increased cardiovascular mortality (1). Usually, DKD is
clinically characterized by albuminuria and a gradual reduction in the glomerular
filtration rate (GFR) (3, 4). The progressive decline in renal function during DKD is a
result of pathophysiological alterations in the Kkidneys, such as glomerular
hypertrophy, mesangial expansion and tubulointerstitial fibrosis due to the
accumulation of extracellular matrix (ECM) proteins, basement membrane
thickening, and podocyte dysfunction (4, 5).

At the cellular level, chronic hyperglycemia leads to increased generation of
advanced glycation end-products, reactive oxygen species, activation of protein
kinase C and renin-angiotensin system, and production of transforming growth factor-
B1 (TGF-B1), which is a master cytokine/growth factor in fibrosis and inflammation
(4, 6). These alterations have been associated with activation of key transcription
factors, such as Smads and NF-xB, leading to aberrant expression of pro-
inflammatory, pro-fibrotic, cell-cycle, and ECM genes (5).

Although a tight glycemic control is able to reduce the development and delay
the progression of DKD (7, 8), current therapies are still not totally effective in
preventing progression to ESRD. It has not yet been clearly established by which
mechanisms some diabetic patients will progress to loss of renal function and require

dialysis while others will preserve normal renal function regardless of the glycemic
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control (9). Therefore, additional mediators and mechanisms leading to DKD need to
be identified for more effective diagnosis and treatment of this complication.

In this context, emerging evidence suggests a role for epigenetic factors, such
as microRNAs (miRNAs), in the development of DKD (5, 9, 10). MicroRNAs
(miRNAS) are short (= 19 — 25 nt) noncoding RNAs that regulate gene expression,
primarily by translation repression or mRNA degradation (11, 12). More than 2,000
human miRNAs have been identified so far, and at least 60% of all protein-coding
genes are regulated by them (10, 11). Consequently, miRNAs may affect the
development or progression of many diseases (13-15).

Regarding kidney diseases, miRNAs can be induced in renal cells in vivo and
in vitro under hyperglycemic conditions, promoting accumulation of ECM proteins
related to fibrosis and glomerular dysfunction (10). TGF-B1 is able to regulate
expressions of miR-21, miR-29, miR-192, miR-200, miR-214, miR-216a/217, miR-
382, and miR-491 families (10, 16-19). In accordance with the role of miRNASs in
renal fibrosis, a number of circulating or urinary miRNAs have been reported as being
dysregulated in specific stages of DKD (20-28), suggesting that miRNA signatures
may be exploited as diagnostic/prognostic biomarkers of DKD, as well as may
provide important information about that mechanisms involved in this complication
(29).

Despite the large number of studies that have reported associations between
MIRNA expressions and DKD, the majority of the findings failed to be reproduced in
other populations. Therefore, to further clarify the repertoire of miRNAs associated
with DKD, we performed a systematic review of the literature on the subject.
Moreover, we also carried out bioinformatic analyses to investigate the regulatory and

functional roles of these miRNAs in biological pathways.
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METHODS

Search strategy and eligibility of studies

This systematic review was designed and described in accordance with current
guidelines (30, 31), and its protocol was registered in the International Prospective
Register of Systematic Reviews (PROSPERO) (http://www.crd.york.ac.uk/
PROSPERO), with the number of CRD42017070885. PubMed and EMBASE
repositories were searched to find all studies that investigated miRNA expressions in
DKD samples. The following medical subject headings (MeSH) were used: (“diabetes
mellitus” OR “diabetic kidney disease” OR “diabetes complications”) AND
(“microRNA” OR “RNA, small untranslated”). The search was limited to English,
Spanish or Portuguese language papers and was finished on August, 2017. Reference
lists from all articles were also manually checked in order to identify other relevant
citations. To guarantee that important studies were not missed, searches in Gene
Expression ~ Omnibus  (www.ncbi.nlm.nih.gov/geo) and  Array  EXxpress
(www.ebi.ac.uk/arrayexpress) databases were also performed.

All original articles that evaluated miRNA expressions in patients with DKD
(cases) and patients without this complication (controls) were included in this
systematic review. Studies that did not have an appropriate control group or studies
performed in cell lines or animal models were excluded. Two researchers (T.S.A and
B.M.S) independently reviewed titles and abstracts of all articles retrieved to evaluate

whether they were eligible for inclusion.
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Data extraction and quality assessment of each study

Results were independently collected by two investigators (B.M.S. and T.S.A.) using
a standardized abstraction form (30), and consensus was pursued in all extracted
items. When consensus could not be achieved, differences in data extraction were
resolved by a third reviewer (D.C.). Information extracted from each individual study
were as follow: 1) characteristics of studies and samples; 2) information regarding
miRNA expression, which included method used for quantification, tissue analyzed,
and number of miRNAs investigated; and 3) miRNA expressions in each study group.
Prior to analysis, all miRNA names were standardized based on miRBase v21
information.

Two investigators (T.S.A and B.M.S) evaluated the quality of each eligible
study using The Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2)
(32). This tool contains 4 key domains (patient selection, index test, reference
standard, and flow/timing) supported by 7 questions to help a decision on risk of bias,
rating risk of bias, and about the applicability of studies. Each question can be
answered with “yes”, “no”, or “unclear”. A score of 1 is then given for each “yes”
(low risk/high concern), a score of 0.5 for each “unclear”, and a score of O for each
“no” (high risk/low concern). Scores range from 0 to 7, with studies being classified
as having “good quality” (scores 6-7), “fair” (scores 4-5), or “poor” quality (scores <
3).

Additionally, we evaluated if the articles followed the Minimum Information
about a Microarray Experiment (MIAME) guideline v2.0 (33) or the Minimum

Information for Publication of Quantitative Real-time PCR Experiments (MIQE)
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guideline (34). Only articles in accordance with these guidelines were included in this

review.

Evaluation of microRNA putative target genes and functional enrichment analysis
The list of miRNAs identified as consistently dysregulated in DKD patients in this
systematic review was then submitted to bioinformatic analyses to search for their
putative target genes and identify potential biological pathways under their regulation
(Supplementary Figure 1). For the analysis of target genes, we combined
information from experimentally validated miRNA-target gene interactions with
results from target prediction algorithms in order to retrieve a comprehensive set of
targets while controlling for false positive rates. Specifically, we queried the
databases miRTarbase release 6.1 (35) and starBase v2.0 (36) of experimentally
validated data regarding miRNA-target interactions, restricting the search for
interactions classified as functional in miRTarBase, and interactions predicted by 2 or
more software with at least one supporting experiment in starBase. Additional
validated targets were also obtained from miRecords (data as of April 2013, last
update) (37), and the union of all interactions retrieved from these resources was
adopted as the set of validated miRNA-target gene interactions in our study.

For in silico analysis with target prediction algorithms, we used the web-based
tools TargetScan v7.1 (38), Diana MicroT-CDS (39), and miRanda-mirSVR (August
2010 Release) (40, 41), which are well consolidated tools for this purpose. The
complete list of miRNA-target gene interactions was downloaded from these websites
and filtered using an in-house script in the R environment to collect only interactions

associated with the miRNAs of interest in our study. To control for false positive
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rates, the following additional filtering criteria were adopted: 1) for TargetScan v7.1,
we considered interactions involving conserved miRNA sites and with Context++
scores < -0.1; 2); for Diana MicroT-CDS, we kept interactions with prediction scores
> 0.7; and 3) for miRanda-mirSVR, we selected interactions involving conserved
miRNAs with scores < -0.1. Finally, only miRNA-target gene interactions predicted
by at least 2 in silico analysis tools were retained as the set of computationally
predicted miRNA- target interactions. The combination of unique validated and
predicted miRNA-target interactions was used for further analyses. MiRNAs and
genes identifiers were mapped to miRBase v21 and Human Gene Nomenclature
Committee (42, 43) standards, respectively.

Following the computational analysis of miRNA targets, we assessed the
functional enrichment of target genes using pathways annotation from the KEGG
Pathway Database (44, 45) and the clusterProfiler package in R/Bioconductor
environment (46). This investigation was performed in two ways: 1) for targets of
each individual miRNA; and 2) for targets of miRNAs grouped by their expression
profile (up- or downregulation). Statistical significance for KEGG pathways
enrichment was estimated with a hypergeometric test and adjusted to account for
multiple hypotheses using the False Discovery Rate (FDR) procedure implemented in
the qvalue R package (47). Pathways with a g-value < 0.05 were considered strongly
enriched for the genes targeted by the selected miRNAs.

To clarify functional similarities between miRNAs of interest, we used the
Jaccard Similarity Coefficient (JC), which provides a measure of similarity between
two sets of elements. The JC is computed as the size of the intersection between the
two sets divided by the size of their union, and provides a value in the range from 0 to

1 that reflects the degree of shared members between the sets, where the higher the
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value the larger is their overlap (and consequently the similarity). We adopted this
criterion to evaluate the similarity of miRNAs in a pairwise manner, both in terms of

their putative target genes and enriched pathways.

RESULTS

Literature search, characteristics of the eligible studies, and quality assessment

The flow diagram showing the strategy used to select studies for inclusion in this
systematic review is shown in Figure 1. After applying the search criteria, a total of
2849 publications were retrieved from databases; however, following full text
analysis, only 27 articles fulfilled the eligibility criteria and were included in this
review (20, 21, 23-28, 48-66). The main characteristics of these articles are shown in
Table 1. Chien et al. (51) analyzed 2 samples that differed in the manner DKD was
classified [according to urinary albumin to creatinine rate (UACR) or estimated GFR
(eGFR) values]; thus, their results are shown separately in Table 1. Sample sizes in
the included studies ranged from 9 to 690. The number of miRNAs analyzed ranged
from 1 to 1066, with the number of miRNAs differentially expressed between groups
varying from 1 to 29 (Table 1).

Most of the studies (60.7%) comprised patients with type 2 DM (T2DM),
17.9% of the articles included patients with type 1 DM (T1DM), and 21.4% of them
did not report DM type. Moreover, studies applied different diagnostic methods for
DKD classification: 53.6% of them used UACR and/or urinary albumin excretion
(UAE), 32.1% performed kidney biopsies (some of them in combination with eGFR
and UACR measurements), and 14.3% of them used only eGFR. Regarding UACR

and UAE, patients were classified as normoalbuminuric, microalbuminuric or
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macroalbuminuric; however, not all studies compared the three groups of patients.
The Modification of Diet in Renal Disease (MDRD) equation was mainly used to
calculate eGFR (67), and patients were usually categorized as having low eGFR (< 60
mL/min/1.73m?) or high/normal eGFR (> 60 mL/min/1.73m?) (Table 1).

Regarding the tissues analyzed, 40.7% of the studies evaluated circulating
miRNA expressions in blood samples (total blood, serum or plasma), 40.7% in urine
samples [whole urine, exosomes or extracellular vesicles (EVs)] and 18.6% in kidney
biopsies. The results reported by Baker et al. (26) are shown separately since they
analyzed miRNAs in two types of renal tissue (Table 1).

Quality of each study included in this review was assessed using QUADAS-2
scores. Overall, 40.7% of the studies were considered as having “good quality”
(scores 6 to 7; Supplementary Table 1). The remaining studies scored between 4.5

and 5.5, being considered as of “fair quality”. No study scored less than 4.5.

Differentially expressed miRNAs in DKD

Out of 151 differentially expressed miRNAs reported in the 27 articles that analyzed
DKD patients and controls, 32 miRNAs were reported in at least two studies
(Supplementary Table 2), and 14 of them were reported in three or more studies,
being chosen for further evaluation (Table 2). Among these 14 miRNAs, 5 miRNAs
(miR-21-5p, miR-29a-3p, MiR-126-3p, miR-214-3p, and miR-342-3p) seem to be
consistently upregulated in DKD cases compared to controls (TLDM controls or
healthy subjects), while miR-192-5p seems to be downregulated in cases (Table 2).
Eight miRNAs were reported as being downregulated in cases from one study, while

upregulated in cases from another study. These contradictory results may be due to
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differences in tissue types, methods used for DKD classification, or type of DM that

was analyzed (Table 2).

Putative target genes of differentially expressed miRNAs

Bioinformatic analyses were performed to retrieve putative target genes for the 6
mMiRNAs (hsa-miR-21-5p, hsa-miR-29a-3p, hsa-miR-126-3p, hsa-miR-192-5p, hsa-
miR-214-3p, and hsa-miR-342-3p) consistently dysregulated in DKD patients. Data
from 6 distinct resources, including databases with experimentally validated miRNA-
target interactions and computational target prediction tools, were systematically
combined (Supplementary Figure 1). A total of 5374 interactions were retrieved for
the miRNAs of interest. Among them, 3519 are from sources of experimentally
validated data, while 1855 are from computational prediction tools (Table 3;
Supplementary Table 3). An average of 895.7 + 437.7 targets were found for the 6
miRNAs, with the largest number of targets retrieved for the miR-29a-3p (1272) and
the smallest number for the miR-126-3p (55).

Next, we compared the list of putative targets among the 6 miRNAs by
computing the JC values in a pairwise fashion (Supplementary Figure 2A). The
highest JC values were obtained for miR-29a-3p in comparison to miR-21-5p (JC =
0.079) and miR-214-3p (JC = 0.068). Nonetheless, as the JC values suggest, these
overlaps in the number of targets are very low, indicating that few targets are shared
among the miRNAs of interest. Among the 4375 unique genes collectively targeted
by the 6 miRNAs (i.e., size of the union of all targets identified), we found that the
expression of the anti-apoptotic gene BLC2 is potentially regulated by all miRNAs

excepting miR-214-3p, and that 15 targets are modulated by 4 out of 6 miRNAs.
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Pathways retrieved by functional enrichment analysis

To further extract insights regarding the functional consequences of dysregulation of
the 6 selected miRNAs, we performed functional enrichment analysis of the putative
target genes using pathway maps from the KEGG Pathway Database. This analysis
was carried out for each miRNA evaluated individually and also for target genes
grouped by miRNAs with similar expression profile. Out of the 319 pathways
annotated in KEGG Database (assessed in September 2017), a total of 126 pathways
were significantly overrepresented (g-values < 0.05) in the putative target lists
analyzed, and 82 KEGG terms were enriched for more than one miRNA. No
significant KEGG term was found for hsa-miR-342-3p considering the applied
threshold.

As expected, results from pathway enrichment analysis based on
predicted/validated targets of miR-21-5p, miR-29a-3p, miR-126-3p, miR-192-5p, and
miR-214-3p revealed a number of already known DKD-associated pathways, such as
AGE-RAGE signaling pathway in diabetic complications, longevity regulating
pathway, TGF-Bl, VEGFA, NF-«B, PI3K-Akt, and FoxO signaling pathways
(Supplementary Table 4). Moreover, some pathways are not known to be involved
in DKD pathogenesis, suggesting new potential pathways to be studied
(Supplementary Table 4).

We also compared the similarity among the 6 miRNAs in terms of their
enriched pathways evaluating the pairwise JC, and observed that despite the low
overlap among their targets (Supplementary Figure 2A), a substantial overlap in the
list of modulated pathways are found for some pairs of miRNAs, especially among

miR-21-5p, miR-29a-3p and miR-126-3p (Supplementary Figure 2B). This may
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indicate that these miRNAs act in shared pathways through distinct mechanisms and

targets, thus having complementary roles in their modulation.

MiRNAs involved in the TGF-£1 pathway

TGF-B1, the most abundant isoform of TGF-B, is a major player in DKD
pathogenesis, mainly because of its potent pro-fibrotic actions (4, 10, 16). The pro-
fibrotic effects of TGF-B1 are primarily accomplished by Smad-dependent pathways;
although, Smad-independent pathways, related to EGFR, MAPK, p53, and
PI3K/AKT, might also be involved (68).

The TGF-B1/Smad signaling pathway regulates expression of several genes,
including genes involved in miIRNA biogenesis (Figure 3). Moreover, TGF-f1
positively or negatively regulates expressions of a number of miRNAs, including
miR-21, miR-29, miR-192, and miR-214 families (10, 16-18), which is in accordance
with our data, although only miR-21-5p reached a g-value < 0.5. In addition, several
members of the TGF-B1 pathway are targeted by miRNAs, suggesting an
autoregulatory feedback loop between TGF-1 and some miRNAs (69).

Among the miRNAs that participate in the TGF-f1/Smad pathway (Figure 3),
miR-21-5p, miR-29a-3p, miR-192-5p and miR-214-3p were found as being
dysregulated in patients with DKD in our systematic review (Table 2). As shown in
Figure 4, a positive feedback loop between TGF-B1 and miR-21-5p, through the
miR-21 target Smad7, demonstrates a possible mechanism that amplifies TFG-B1
signaling during renal fibrosis (60). In addition, TGF-B1 activates PI3K/Akt signaling
pathway by downregulating PTEN through miR-21-5p, miR-29a-3p and miR-214-3p

actions, which leads to hypertrophy and fibrosis (60, 70, 71).
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TGF-B1-induced downregulation of miR-192-5p in human proximal tubular
cells (PTCs) increases the expression of E-cadherin repressors Zebl and Zeb2,
decreasing the levels of E-cadherin, thus increasing collagen production and ECM
accumulation (72) (Figure 4). Of note, contradictory results have been shown
regarding TGF-B1 and miR-192-5p interactions, since TGF-B1 was also reported to
increase mMiR-192-5p expression in mouse mesenchymal cells (MCs) through
acetylation of the transcription factor Ets-1 (a negative regulator of miR-192) and
histone H3 by Akt-induced p300 activation (22), which would accelerate the signaling
downstream of TGF-B1.

Similarly to miR-192-5p, miR-29a-3p might have both anti-fibrotic and pro-
fibrotic functions (Figure 4). Increased levels of miR-29a-3p indirectly inhibit TGF-
Bl and production of many types of collagen, leading to decreased ECM
accumulation and fibrosis (73). On the other hand, miR-29a-3p targets PTEN,
increasing PI3K/Akt signaling pathway (71), which could potentially increase kidney

hypertrophy, although this pathway was not studied in kidney cells.

DISCUSSION

Laboratory markers of DKD are still not accurate enough to predict which diabetic
patients are at risk for developing kidney complications prior to its clinical stablished
dysfunction (74). Thus, the discovery of new biomarkers capable of predicting DKD
development is highly expected, since they may identify patients at higher risk in
whom an early treatment may help delay or prevent the onset of this complication, as

well as its progression to ESRD (74).
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In this context, recent studies have demonstrated that miRNAs are key
mediators in the pathogenesis of DKD, suggesting that circulating miRNAs can be
used as biomarkers to assess DKD development and progression (6, 10, 16, 74).
Circulating and urinary miRNAs are ideal noninvasive biomarkers because they are
stable in biofluids and exosomes, and can be detected using stablished techniques for
quantification, such as quantitative PCR (gPCR) (10, 15). However, miRNA profile
studies in humans have shown contradictory results, with few miRNAs being
consistently dysregulated among studies [reviewed in (6, 10, 16, 74)]. Therefore, as
part of the ongoing effort to identify a profile of miRNAs that could be used as
biomarkers of DKD, we performed a systematic review of all studies that evaluated
miRNA expressions in tissues from patients with DKD (cases) and diabetic patients
without DKD or healthy subjects (control groups). Six miRNAs (miR-21-5p, miR-
29a-3p, miR-126-3p, miR-192-5p, miR-214-3p, and miR-342-3p) were consistently
dysregulated in total blood/plasma/serum, urine/urinary exosomes or kidney biopsies
of DKD patients.

MiR-21-5p is one of the most abundant miRNAs in human tissues (6), and it
has been consistently reported as being upregulated in serum/plasma and kidney
samples of both TIDM and T2DM patients with different stages of DKD (Table 2).
This miRNA has been negatively correlated with eGFR and serum creatinine levels
(sCR) and positively correlated with tubulointerstitial injury, glomerulosclerosis and
proteinuria levels (26, 56, 60). Moreover, miR-21-5p was upregulated in DKD
progressors [patients with a fast increase in sCR levels (51) or who progressed to
ESRD (20)] compared to non-progressors, indicating the potential of this miRNA in

monitoring DKD progression. Increased miR-21-5p expression was also observed in
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renal transplanted patients with fibrotic kidney disease and in patients with IgA
nephropathy (75).

The role of miR-21-5p in renal fibrosis is well stablished, although the
mechanisms involved have not been completely clarified (6, 16, 74, 76). MiR-21-5p
expression increases in kidney cells cultured with TGF-B1 or high glucose and
downregulates PTEN, thereby activating PI3K/Akt (Figure 4) and mTOR, leading to
MC hypertrophy and tubulointerstitial fibrosis (16, 60, 74, 77). Zhong et al. (76)
reported that targeting Smad7 may be another mechanism by which miR-21-5p
regulates renal injury because miR-21-5p knockdown in db/db mice restored Smad7
levels and inhibited the activation of TGF-B1 and NF-xB signaling pathways,
protecting against renal fibrosis. Accordingly, other studies have shown that miR-21-
5p inhibitors are effective in ameliorating DKD and fibrosis in mice, suggesting that
this miRNA is a potential therapeutic target against the DKD progression (10, 56, 78-
80).

The miR-29 family consists of 3 members (miR-29a, miR-29b and miR-29c¢)
that share the same seed sequence and target almost the same set of genes (16, 81).
MiR-29a-3p seems to be upregulated in serum/plasma, urine or kidney of both TIDM
and T2DM patients with DKD (Table 2). Interestingly, Pezzolesi et al. (20) reported
that 1-standard deviation increase in miR-29a-3p expression in plasma was associated
with protection against fast progression to ESRD (OR= 0.39, 95% CI 0.20-0.76) in
T1DM patients, suggesting that the upregulation of this miRNA in DKD patients may
be an attempt of the organism to ameliorate renal dysfunction.

In line with this hypothesis, most experimental studies have indicated that
miR-29a attenuates renal fibrosis, mainly by targeting different types of collagen via a

Smad3-dependent mechanism, thus leading to decreased ECM accumulation (73, 74,
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81-83). TGF-B1 and high glucose are known to downregulate miR-29a in tubular
epithelial cells (TECs), MCs, and podocytes (73, 82, 84, 85), which might predispose
to renal dysfunction. Accordingly, Lin et al. (84) reported that diabetic mice
overexpressing miR-29a had better nephrin levels, podocyte viability and renal
function and less glomerular fibrosis compared to wild-type mice. This renal
protection was explained by a role of miR-29a in decreasing histone deacetylase
activity, which restored nephrin levels (84). Interestingly, a recent study demonstrated
that Linagliptin, a dipeptidyl peptidase-4 (DPP-4) inhibitor used as an antidiabetic
drug, can also confer renal protection and decrease fibrosis in a mouse model of DKD
by inducing miR-29a, which targets DPP-4 (86).

MiR-192-5p is highly expressed in normal kidneys compared to the other
organs (16), and it seems to be downregulated in urinary EVs, serum or urine of DKD
patients (Table 2). Krupa et al. (72) observed a decreased miR-192-5p expression in
kidney biopsies of patients with advanced DKD, which negatively correlated with
tubule interstitial fibrosis. The decreased miR-192-5p expression in DKD patients
might be due to the TGF-B1-induced downregulation of this miRNA, leading to
increased expressions of E-cadherin repressors Zebl and Zeb2, which may increase
collagen production and ECM accumulation, thus worsening renal fibrosis (72, 87)
(Figure 4). Accordingly, miR-192-5p has also being negatively correlated with
UACR, TGF-B1 and proteinuria levels (59, 64, 88).

On the other hand, studies in rodent models of DKD have indicated that TGF-
B1 also induce miR-192-5p expression through promoter Smad-binding elements and
epigenetic regulation via Ets-1 (10, 22). Consequently, TGF-B1-induced miR-192-5p
upregulation in TECs and MCs has been linked to renal damage in streptozotocin

(T1DM) and db/db (T2DM) models of DKD (10, 17, 22, 89-91). Interestingly, miR-
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192-5p upregulates other miRNAs in MCs, including miR-200b/c, creating an
amplifying circuit that further augments ECM accumulation in kidney (10). In
agreement with a pro-fibrotic role of miR-192-5p in murine models of DKD, both
miR-192 knockout mice and streptozotocin-induced diabetic mice treated with anti-
miR-192 showed less severe phenotypes of DKD compared to wild-type mice (91,
92). The differences in miR-192-5p expressions between human and rodent could be
partially explained based on the aligned sequences of this miRNA between species.
The hsa-miR-192-5p and mmu-miR-192-5p share 93% of similarity in their seed
sequences, while hsa-miR-192-5p and rno-miR-192-5p share only 91% of similarity
(sequences retrieved from miRBase and aligned using MUSCLE tool). These
differences in miR-192-5p seed sequences could affect expressions of different genes
between species, thus having different effects on DKD pathogenesis.

Most of the studies included in this systematic review showed that miR-126-
3p is upregulated in plasma, urine or kidney of DKD patients (Table 2), as well as in
non-diabetic patients with ESRD (93). Importantly, a tight glycemic control was able
to decrease miR-126-3p expression in urine of DKD patients (57). MiR-126-3p is
highly expressed in endothelial cells and plays a key role in maintaining endothelial
homeostasis and angiogenesis (94, 95). It has pro-angiogenic actions by repressing
SPRED1 and PIK3R2, two negative regulators of VEGFA (95, 96). Moreover, miR-
126-3p regulates renal vascular inflammation by lowering VCAM-1 expression (97,
98). Therefore, miR-126-3p downregulation may predispose to DKD due to its role
in endothelial dysfunction, which is a common feature of diabetic complications (99).

MiR-214-3p has been shown to be upregulated in urine or kidney of DKD
patients (Table 2) and also in murine models of renal injury (70, 100, 101); however,

little is known about the mechanisms of action of this miRNA. TGF-f1 seems to
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activate miR-214-3p that, in turn, targets PTEN, a repressor of the PI3K/Akt signaling
pathway, leading to renal hypertrophy and fibrosis (70, 102). In mice, genetic deletion
of miR-214-3p attenuated interstitial fibrosis induced by unilateral ureteral
obstruction (UUO), while treatment of wild-type mice with an anti-miR-214 before
UUO had anti-fibrotic effects (100), suggesting that miR-214-3p promotes renal
fibrosis.

MiR-342-3p has been described as being upregulated in urine/urinary
exosomes or kidney biopsies of DKD patients (Table 2), being positively correlated
with UACR and sCR levels and negatively correlated with eGFR (21); however, no
study has explained the molecular basis behind this association. MiR-342-3p
dysregulation has also been reported in several diseases, including different cancers
(103-105), obesity (106, 107), TIDM and T2DM (15), and acute Kkidney rejection
(108). Our in silico analysis did not identify any significant pathway associated with
this miRNA.

In conclusion, this systematic review and bioinformatic analysis suggest that 6
miRNAs (miR-21-5p, miR-29a-3p, miR-126-3p, miR-192-5p, miR-214-3p, and miR-
342-3p) are consistently dysregulated in patients with DKD, constituting potential
biomarkers of this chronic diabetic complication. These miRNAs and their targets
participate in pathways of known relevance for DKD pathogenesis, such as TGF-B1,
VEGFA, NF-kB, PI3K-Akt, and FoxO signaling pathways, reinforcing their
pathogenic relevance. Further studies are necessary to confirm the involvement of
these 6 mMiRNAs in different stages of DKD and to translate these findings to clinical

practice.
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Table 1. Characteristics of the studies included in the systematic review.

First author, Study design DKD Tissue Method N° of dysregulated Observations
Year [ref] classification MiRNAs in DKD
Up Down
Al-Kafaji, 2016 T2DM patients: 50 DKD (micro + UAE / UACR Whole blood gPCR 0 1 miR-126 was correlated with
(48) macro) and 52 N; 50 healthy subjects albuminuria and eGFR (-)
Argyropoulos, T1DM patients: DKD (micro + UAE / sCR Urine Microarray 21 8 # MiRNA profiles across stages of
2013 (24) macro), and 10 N DKD
Argyropoulos, T1DM patients (17 micro and 10 N) UAE Urine gPCR 9 9 Association of miRNAs with
2015 (25) development of DKD
Bai, 2016 (49) 27 T2DM patients with DKD Proteinuria / Plasma gPCR 0 1 miR-130b was correlated with
(proteinuria); hematuria / drop SCR, proteinuria and
20 healthy subjects in renal function tubulointerstitial fibrosis (-)
Baker, 2017% 19 patients with DKD; Biopsy Glomeruli Sequencing / 8 10 miR-21-5p was correlated with
(26) 14 healthy subjects gPCR eGFR (-)
Baker, 2017° 19 patients with DKD; Biopsy Proximal Sequencing / 2 11 miR-21-5p, miR-155-5p and miR-
(26) 14 healthy subjects tubules gPCR 182-5p were correlated with sCR
(-); miR-21-5p was correlated
with eGFR (-)
Barutta, 2013 ~ T1DM patients: 12 DKD (micro) and UAE / UACR Urinary gPCR 2 2 Association of miRNAs with
(23) 12 N; 10 healthy subjects exosomes DKD
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Bijkerk, 2015  T1DM patients: 21 DKD (waiting list eGFR Plasma Megaplex arrays 11 miRNAs were dysregulated in
(50) for SPK), 15 without DKD, and 37 DKD patients, but normalized
after SPK; 19 healthy subjects after SPK
Cardenas- 58 T1DM or T2DM with DKD; eGFR/UACR/ Urine Microarray 12 miR-2861, miR-1915-3p, and
Gonzalez, 2017 119 healthy subjects biopsy miR-4532 were correlated with
27) eGFR (+), sCR and proteinuria (-)
Chien, 2016° T2DM patients: 21 overt DKD UACR Serum gPCR 3 miR-21-5p and miR-29a/b/c were
(51) (proteinuria), 17 micro, and 12 N increased in DKD progressors
(sCR changes) vs. nonprogressors
Chien, 2016" T2DM patients: 18 low eGFR (< eGFR Serum gPCR 1 miR-21-5p was upregulated in the
(51) 60ml/min) and 32 high eGFR (> low eGFR group
60ml/min)
Conserva, 8 patients with DKD (proteinuria / Proteinuria / Kidney Microarray / 18 These miRNAs target VEGFA,
2014* low eGFR); 4 healthy subjects eGFR / biopsy gPCR SMAD3, BCL2, and SULF1
Delic, 2016 T2DM patients: 8 DKD (eGFR eGFR / UACR Urinary microarray / 14 miR-320c was correlated with
(52) <60ml/min), and 8 without DKD; exosomes gPCR eGFR (-) and UACR (+)
8 healthy subjects
Eissa, 2016° T2DM patients: 90 DKD (macro + UACR Urinary Microarray / 6 miR-15b, miR-34a and miR-636
(53) micro) and 46 N; exosomes / gPCR were correlated with sCR and
44 healthy subjects urine pellet UACR (+)
Eissa, 2016" T2DM patients: 110 DKD (macro + UACR Urinary gPCR 3 miR-133b, miR-30a and miR-342
(21) micro) and 56 N; exosomes were correlated with UACR (+),

54 healthy subjects

SCR (+) and eGFR (-)
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Fiorentino, 8 patients with DKD; Proteinuria / Kidney gPCR 1 0 miR-21 was increased in DKD

2013 (54) 4 healthy subjects eGFR / biopsy patients
Huang, 2014 6 T2DM patients with DKD; Biopsy Kidney Microarray / 2 0 MiR-155 expression was
(55) 3 healthy subjects gPCR correlated with sCR (+)
Kolling, 2017 26 DKD patients (low eGFR / Biopsy Serum / urine / gPCR 1 0 miR-21 was correlated with
(56) proteinuria); Kidney chronic tubulointerstitial injury
20 healthy subjects and proteinuria (+)
Jia, 2016 (28) T2DM patients: 50 DKD (micro + UACR Urinary EV gPCR 3 (micro) 3 (macro) = miR-192, miR-194 and miR-
macro), and 30 N; 215 expressions across DKD
10 healthy subjects stages
Liu, 2014 (57) T2DM patients; 92 DKD (macro) and  Overt DR /UAE Urine gPCR 1 0 J miR-126 after glycemic control
86 N; 85 healthy subjects treatment in DKD patients
Lv, 2015 (58) T2DM patients: 190 DKD (micro + UACR Serum gPCR 0 1 miR-130b was correlated with
macro) and 137 N; UAE, sCR, and HbAlc (-)
130 healthy subjects
Ma, 2016 (59) T2DM patients: 307 DKD (micro + UACR Serum gPCR 0 1 miR-192 was correlated with
macro) and 157 N; UACR and TGF-f1 (-)
127 healthy subjects
McClelland, 35 T2DM with DKD; Biopsy Kidney gPCR 1 0 miR-21 was correlated with eGFR
2015 (60) 8 healthy subjects (-), and proteinuria and
glomerulosclerosis (+)
Peng, 2013 (61) T2DM patients: 42 DKD (micro + UACR Urine gPCR 1 0 miR-29a was correlated with
macro) and 41 N UAE (+)
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Peng, 2015 (62) T2DM patients: 20 DKD (micro) and UAE Plasma gPCR 0 T methylation in the let-7a-3
20 N; 20 healthy subjects promoter in the DKD group vs.
the other groups
Pezzolesi, 2015 T1DM patients: DKD with UACR and eGFR Plasma Multiplex gPCR 3 let-7¢c-5p and miR-29a-3p
(20) proteinuria (38 fast-progressors to protected against fast-progression
ESRD and 38 nonprogressors) and 40 to ESRD; let-7b-5p and miR-21-
N patients 5p were associated with risk of
ESRD
Shao, 2016 (63) T2DM patients: 309 DKD (micro + UACR Serum gPCR 1 mir-217 was correlated with
macro; eGFR > 60ml/min) and 186 UACR and sCR (+), and was #
N; 195 healthy subjects across DKD stages
Wang, 2013 20 patients with DGS and 10 healthy  Biopsy and eGFR Urine gPCR 0 miR-192 was correlated with
(64) subjects proteinuria (-), and miR-638,
miR-29 and miR-150 with eGFR
)
Zhou, 2013 (65)  T2DM patients: 108 DKD (micro), UAE Whole blood Microarray / 17 { let-7a in DKD patients, but N

and 108 N; 62 healthy subjects

gPCR

patients had higher levels than

healthy subjects

ACR: albumin/creatinine ratio; AER: albumin excretion ratio; DKD: diabetic kidney disease; DR: diabetic retinopathy; eGFR: estimated glomerular filtration rate; ESRD:

end-stage renal disease; EV: extracellular vesicles; micro: microalbuminuric; macro: macroalbuminuric; N: normoalbuminuric; g-PCR: quantitative polymerase chain

reaction; sCR: serum creatinine; SPK: simultaneous pancreas-kidney transplantation; TIDM: type 1 diabetes mellitus; T2DM: type 2 diabetes mellitus; UACR: urinary

albumin/creatinine ratio; UAE: urinary albumin excretion. *Abstract from Congress.
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Table 2. MiRNAs differentially expressed in DKD patients and analyzed in at least three studies.

MiRNA First author, year Tissue Change of Comparison groups DM type
expression
miR-21-5p Baker et al., 2017° Glomeruli Up DKD vs. healthy subjects DM
Chien et al., 2016* Serum Up Overt DKD (proteinuric) > micro and N T2DM
Chien et al., 2016° Serum Up eGFR <60ml/min vs. eGFR >60ml/min T2DM
Fiorentino et al., 2013 Kidney Up DKD (proteinuric / low eGFR) vs. healthy controls DM
Kolling et al., 2017 Serum Up DKD (proteinuric / low eGFR) vs. healthy controls DM
McClelland et al., 2015 Kidney Up Fast-progressors to dialysis vs. slow-progressors; late T2DM
DKD vs. healthy controls
Pezzolesi et al., 2015 Plasma Up Fast-progressors to ESRD vs. nonprogressors TiDM
miR-29a-3p Baker et al., 2017° Glomeruli Up DKD vs. healthy subjects DM
Chien et al., 2016% Serum Up Overt DKD (proteinuric) vs. N T2DM
Conserva et al., 2014 Kidney Up DKD (proteinuric / low eGFR) vs. healthy controls DM
Peng et al., 2013 Urine Up DKD (micro + macro) vs. N T2DM
Pezzolesi et al., 2015 Plasma Down Fast-progressors to ESRD vs. nonprogressors T1DM
miR-30a-5p Argyropoulos et al., 2015 Urine Down DKD (micro) vs. N T1DM
Baker et al., 2017° Glomeruli Down DKD vs. healthy subjects DM
Baker et al., 2017° Proximal tubules Down DKD vs. healthy subjects DM
Cardenas-Gonzalez et al., 2017 Urine Up DKD vs. healthy controls DM
Eissa et al., 2016° Urine / urinary Up DKD (micro + macro) vs. N and healthy controls T2DM
€X0somes
Eissa et al., 2016" Urinary exosomes Up DKD (micro + macro) vs. N and healthy controls T2DM
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miR-30c-5p Zhou et al., 2013 Whole Blood Up DKD (micro) vs. N and healthy subjects T2DM
Cardenas-Gonzalez et al., 2017 Urine Up DKD vs. healthy controls DM
Baker et al., 2017° Glomeruli Down DKD vs. healthy subjects DM
Baker et al., 2017° Proximal tubules Down DKD vs. healthy subjects DM
miR-126-3p Al-Kafaji et al., 2016 Whole blood Down DKD (micro + macro) < N < healthy controls T2DM
Argyropoulos et al., 2015 Urine Up DKD (micro) vs. N T1DM
Bijkerk et al., 2015 Plasma Up DKD (waiting list for SPK) vs. healthy controls T1DM
Conserva et al., 2014 Kidney Up DKD (proteinuric / low eGFR) vs. healthy controls DM
Liuetal., 2014 Urine Up DKD (macro) vs. N and healthy controls T2DM
miR-130b-3p Bai et al., 2016 Plasma Down DKD (proteinuric) vs. healthy controls T2DM
Bijkerk et al., 2015 Plasma Up DKD (waiting list for SPK) vs. healthy controls T1DM
Lvetal., 2015 Serum Down DKD (micro + macro) vs. N and healthy controls T2DM
miR-148a-3p Baker et al., 2017° Glomeruli Down DKD vs. healthy subjects DM
Baker et al., 2017° Proximal tubules Down DKD vs. healthy subjects DM
Conserva et al., 2014 Kidney Up DKD (proteinuric / low eGFR) vs. healthy controls DM
miR-155-5p Barutta et al., 2013 Urinary exosomes Down DKD (micro) vs. N and healthy controls Ti1DM
Baker et al., 2017 ° Proximal tubules Up DKD vs. healthy subjects DM
Huang et al., 2014 Kidney Up DKD vs. healthy controls T2DM
miR-192-5p Jiaetal., 2016 Urinary EV Up DKD (micro) vs. N and healthy controls T2DM
Jiaetal., 2016 Urinary EV Down DKD (macro) vs. DKD (micro) T2DM
Ma et al., 2016 Serum Down DKD (micro + macro) vs. N and healthy controls T2DM
Wang et al., 2013 Urine Down DGS vs. healthy controls DM
miR-214-3p Argyropoulos et al., 2013 Urine Up DKD (micro) vs. N T1DM
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Baker et al., 2017° Glomeruli Up DKD vs. healthy subjects DM
Conserva et al., 2014 Kidney Up DKD (proteinuric / low eGFR) vs. healthy controls DM
miR-342-3p Conserva et al., 2014 Kidney Up DKD (proteinuric / low eGFR) vs. healthy controls DM
Eissa et al., 2016° Urine / urinary Up DKD (micro + macro) vs. N and healthy controls T2DM
exosomes
Eissa et al., 2016" Urinary exosomes Up DKD (micro + macro) vs. N and healthy controls T2DM
miR-486-3p Argyropoulos et al., 2013 Urine Up DKD (macro) vs. N T1DM
Baker et al., 20172 Glomeruli Down DKD vs. healthy subjects DM
Baker et al., 2017° Proximal tubules Down DKD vs. healthy subjects DM
miR-486-5p Zhou et al., 2013 Blood Up DKD (micro) vs. N and healthy subjects T2DM
Baker et al., 20172 Glomeruli Down DKD vs. healthy subjects DM
Baker et al., 2017° Proximal tubules Down DKD vs. healthy subjects DM
miR-638 Argyropoulos et al., 2013 Urine Up DKD (micro) vs. N TiDM
Delic et al., 2016 Urine Up DKD (eGFR <60ml/min) vs. diabetic and healthy controls T2DM
Wang et al., 2013 Urine Down DGS vs. healthy controls DM

DGS: diabetic glomerulosclerosis; eGFR: estimated glomerular filtration rate; ESRD: end-stage renal disease; EV: extracellular vesicles; Macro: macroalbuminuric; Micro:

microalbuminuric; N: normoalbuminuric; SPK: simultaneous pancreas-kidney transplantation.
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Table 3. Number of putative miRNA-target gene interactions for each consistently dysregulated miRNA in DKD samples.

microRNA ID

Total number of miRNA-target

Interactions with experimental

Interactions obtained using

gene interactions evidences* computational prediction**
hsa-miR-126-3p 55 51 4
hsa-miR-192-5p 1144 1024 120
hsa-miR-21-5p 923 725 198
hsa-miR-214-3p 1111 476 635
hsa-miR-29a-3p 1272 810 462
hsa-miR-342-3p 869 433 436

* miRTarbase, starBase and miRecords databases were used to retrieve the experimentally validated data regarding miRNA-target interactions.

** TargetScan, DianaMicroT-CDS and miRanda-mirSVR databases were used for in silico analysis with target prediction algorithms.
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2849 articles identified through
database search

Exclusion criteria:

‘ Identification ‘

- Reviews, letter (n=914)

- Not case-control, cross-sectional or cohort (n= 402)

Article selection based on titles and l - Study with animals (n= 857)
abstracts. Excluded (n=2721) - Studies with cell lines (n= 465)
- Other idiom (not English, Spanish or Portuguese) (n=27)

‘ Screening ‘

- Duplicated studies (n= 56)

g’ . Articles excluded (n= 101):
= Full text of the articles assessed for
i o - - Not case-control , cross-sectional or cohort (n=62)
E eligibility (n= 128)
- Lack of information (n= 39)
=
2
Z 27 studies included in the
E systematic review

Figure 1. Flowchart illustrating the search strategy used to identify association

studies between microRNAs and diabetic kidney disease.
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Figure 2. Significant KEGG pathways regulated by the 6 consistently

dysregulated miRNAs in patients with diabetic kidney disease. KEGG pathway

enrichments are displayed in a scatter diagram, where each point represents the

enrichment level; the color corresponds to the g-value, and the size corresponds to the

number of genes enriched for each given pathway (GeneRatio). Pathways with a g-

value < 0.05 were considered as significantly enriched. The right y-axis represents the

KEGG pathways, and the x-axis shows the 4 miRNAs that participated in each

selected pathways. MiR-192-5p and miR-342-3p were not significantly enriched in

the showed pathways. Pathways were clustered according to their function roles

(Group 1 - 5). For group 3 and 4 more than one pathway was clustered, and the shared

genes among these pathways are shown.
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mature miRNA

e
([ TTHI I
miRNA duplex

Figure 3. Interactions between TFG-g1/Smad signaling pathway and biogenesis,
release and function of miRNAs. TGF-f1/Smad signaling can modulate miRNA
expression by regulating the processing of pri-miRNA into pre-miRNA in the
nucleus. The Drosha complex cleavages the pri-miRNA into pre-miRNA. Pre-
miRNAs are then transported to the cytoplasm, through a process involving Exportin-
5, and further cleaved by Dicer to yield 21-23 nts miRNA:miRNA duplexes. One
strand of the miIRNA:miRNA duplex can associate to the RISC complex and guide
translational repression of target mMRNAs or be released by the cells in association
with RNA-binding proteins, such as Argonaute-2, or lipoproteins, like HDL. Besides
that, miRNAs can be loaded in microvesicles formed by plasma membrane or in
exosomes that are released in the extracellular space. In the Smad-dependent pathway,
TGFBRL1 activates Smad2 and Smad3 by phosphorylation, which in turn bind to

Smad4 forming a complex that translocates to the nucleus and regulates gene
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transcription, including genes related to miRNA biogenesis. In the same way as TGF-
B1/Smad signaling can modulate miRNA expressions, some miRNAs, such as miR-
21, miR-192, miR-214 and miR-29 families, can modulate TGF-f1 Ilevels.
Abbreviations:  miRNA, microRNA; pre-miRNA, miRNA precursor; P,
phosphorylation; pri-miRNA, primary miRNA transcript; RISC, RNA-induced
silencing complex; TGF-B1, transforming growth factor-f1; TGFBRI1, TGF-f

receptor type 1; TGFBR2, TGF-B receptor type 2.
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Figure 4. MiRNA-regulatory networks in response to TGF-B1. TFG-B1 induces
the expression of several miRNAs and some of them also control TGF-B1 levels.
TGF-B1 promotes fibrosis by regulating miR-21, miR-29a and miR-192 expressions
during renal injury. MiR-192 and miR-21 play a pathological role in kidney fibrosis
through a feed-forward loop that amplifies TGF-B1 signaling and promotes fibrosis.
In contrast, miR-29a plays a protective role in renal fibrosis by inhibiting the
deposition of extracellular matrix. This miRNA also has a pro-fibrotic role by
inhibiting PTEN, consequently increasing PI3K/Akt signaling pathway. Some
MiRNAs shown in this figure have been directly connected to DKD through specific

targets, while the specific details of others are yet to be clearly established.
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SUPPLEMENTARY MATERIAL LIST

Supplementary Figure 1. Bioinformatic analysis flowchart.

Supplementary Figure 2. Jaccard similarity coefficient. A) number of mRNA

targets; B) number of pathways. The solid lines connecting molecules represent
mIRNA-mRNA interactions. Node size represents number of targets for each miRNA;
edge width denotes overlap between miRNAs measured by the Jaccard similarity
coefcient (JC); and nodes are colored based on the differential expression of the
miRNAS: green represents the miRNA which is downregulated in patients with DKD

and nodes in pink represent the miRNAs which are upregulated in patients with DKD.

Supplementary Table 1. QUADAS-2 quality results for the included studies.

Supplementary Table 2. MiRNAs analyzed in all included studies.

Supplementary Table 3. MiRNA-target gene interactions obtained for the 6 miRNAs

consistently dysregulated in DKD patients. (Tabela em formato excel encaminhada

em arquivo digital anexo a tese).

Supplementary Table 4. Results of pathway analyses for each consistently

dysregulated miRNAs found in the systematic review. (Tabela em formato excel

encaminhada em arquivo digital anexo a tese).
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Six miRNAs of interest:
hsa-miR-21-5p, hsa-miR-29a-3p, hsa-miR-126-3p, hsa-miR-192-5p,
hsa-miR-214-3p, and hsa-miR-342-3p

= TargetScan v7.2

" miRTErbEse6.1 [ Query databases of validated ] [ Predict miRNA-gene ] . Disn=MicroT-CDS

= starBasev2.0 . . . . .
miRNA-gene interactions interactions + miRanda-miRSVR

¥ ¥

Union of the results of Selection of targets predicted
all queries by at least two softwares

¥ ¥

[ Union of all validated and predicted ]

= miRecords

miRNA-target gene interactions retrieved

O

Functional enrichment analysis of miRINA target gene interaction
(q <0.05)

Supplementary Figure 1. Bioinformatic analysis flowchart.
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Supplementary Figure 2. Jaccard similarity coefficient. A) number of mRNA

targets; B) number of pathways. The solid lines connecting molecules represent

miRNA-mMRNA interactions. Node size represents number of targets for each miRNA,;

edge width denotes overlap between miRNAs measured by the Jaccard similarity

coefcient (JC); and nodes are colored based on the differential expression of the

miRNAs: green represents the miRNA which is downregulated in patients with DKD

and nodes in pink represent the miRNAs which are upregulated in patients with DKD.
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Supplementary table 1. QUADAS-2 quality results.

Study Risk of Bias Applicability concerns Total score
Patient  Index Reference Flowand Patient Index Reference
Selection Test  Standard timing  Selection  Test Standard
Al-Kafaji et al., 2016 © © © ® © © ? 55
Argyropoulos et al, 2013 © © © © © © ? 6.5
Argyropoulos et al, 2015 © © © © © © ? 6.5
Bai et al, 2016 © © © © © © © 7.0
Baker et al, 2017 © © © ® © © © 6.0
Barutta et al, 2013 © © © ® © © ? 55
Bijkerk et al, 2015 © © © ® © © ? 55
Cardenas-Gonzalez et al, 2017 © © © © © © ? 6.5
Chienetal., 2016 © © © ® © © ? 55
Conserva et al, 2014 © © © ® ? ? ? 4.5
Delic et al, 2016 © © © ® © © ? 55
Eissa et al, 2016° © © © © © © ? 6.5
Eissa et al, 2016° © © © © © © ? 6.5
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Fiorentino et al, 2013
Huang et al, 2014
Kolling et al, 2017
Jiaetal, 2016

Liu et al, 2014

Lv etal, 2015

Ma et al, 2016
McClelland et al, 2015
Peng et al, 2013
Peng et al, 2015
Pezzolesi et al, 2015
Shao et al, 2016
Wang et al, 2013
Zhou et al., 2013

~> O v 0 60 06

> 0 0 @ 0

©

© © 06 6606 66 o6 6 6

©

© © 0O 6 06 o6 00 6 6

©

O O 0 00 0 o 6 0 e O

®

> 0 0000 006 6O 06 6 6

©

© © 06 6 6066 66 o6 6 6

©

~> O 0 06

> O 0 6

-~

6.0
5.5
7.0
5.5
5.5
5.5
6.0
5.5
5.5
5.5
6.5
5.5
5.0
5.5

©: low risk (yes; scores 1); @: high risk (no; scores 0); ?: unclear (scores 0.5). Scores range from 0 to 7, with studies being classified as

having “good quality” (scores 6-7), “fair” (scores 4-5), or “poor quality (scores <3).

183



Supplementary Table 2. miRNAs analyzed in all studies included in the systematic review.

MiRNA identity First author, year Tissue Change of expression
miR-320a Zhou, 2013 Blood Up
let-7a-5p Zhou, 2013 Blood Down

let-7a-2 Peng, 2015 Plasma Down
let-7a-3 Peng, 2015 Plasma Down
let-7a-5p Argyropoulos, 2015 Urine Down
let-7b-3p Argyropoulos, 2015 Urine Up
let-7b-5p Pezzolezi, 2015 Plasma Up
Baker, 2017 Proximal tubules Down
let-7¢c-5p Pezzolezi, 2015 Plasma Down
let-7d-5p Zhou, 2013 Blood Down
let-7f-5p Zhou, 2013 Blood Down
miR-10a-5p Cardenas-Gonzalez, 2017 Urine Up
miR-100-5p Cardenas-Gonzalez, 2017 Urine Up
miR-101-3p Conserva, Kidney biopsy Up
miR-106b-5p Conserva, 2014 Kidney biopsy Up
miR-1180-3p Baker, 2017 Glomeruli Down
Cardenas-Gonzalez, 2017 Urine Up
miR-1224-3p Argyropoulos, 2013 Urine Up
miR-122-5p Argyropoulos, 2015 Urine Up
miR-1227-5p Delic, 2016 Urine Up
miR-1234-5p Delic, 2016 Urine Up
miR-1247-5p Argyropoulos, 2015 Urine Down
miR-125b-5p Baker, 2017 Proximal tubules Up
miR-126-3p Bijkert, 2015 Plasma Up
Bijkert, 2015 Plasma Down
Liu, 2014 Urine Up
Conserva, 2014 Kidney biopsy Up
Al-Kafaji , 2016 Blood Down
Argyropoulos, 2015 Urine Up
miR-130a-3p Barutta, 2013 Urinary exosome Up
miR-130b-3p Bijkert, 2015 Plasma Up
Lv, 2015 Serum Down
Bai, 2016 Plasma Down
miR-132-3p Bijkert, 2015 Plasma Up
miR-133b Eissa * 2016 Urine/Urinary exosomes Up
Eissa , 2016 Urinary exosome Up
miR-140-5p Conserva, 2014 Kidney biopsy Up
miR-141-3p Conserva, 2014 Kidney biopsy Up
Argyropoulos, 2013 Urine Up
miR-145-5p Barutta, 2013 Urinary exossome Up
miR-146a-5p Huang, 2014 Kidney biopsy Up
Conserva, 2014 Kidney biopsy Up
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miR-148a-3p Conserva, 2014 Kidney biopsy Up
Baker, 2017 Glomeruli Down
Baker, 2017 Proximal tubules Down
miR-150-5p Conserva, 2014 Kidney biopsy Up
Baker, 2017 Glomeruli Up
miR-152 Bijkert, 2015 Plasma Up
miR-155-5p Barutta, 2013 Urinary exossome Down
Baker, 2017 Proximal tubules Up
Huang, 2014 Kidney biopsy Up
miR-15a-5p Conserva, 2014 Kidney biopsy Up
miR-15b-5p Eissa %, 2016 Urine/Urinary exosomes Up
miR-16-5p Conserva, 2014 Kidney biopsy Up
Baker, 2017 Proximal tubules Down
miR-17-5p Argyropoulos, 2013 Urine Up
miR-17-5p Argyropoulos, 2015 Urine Down
miR-181a-5p Bijkert, 2015 Plasma Up
miR-181b-5p Baker, 2017 Proximal tubules Down
miR-185-5p Conserva, 2014 Kidney biopsy Up
miR-186-5p Conserva, 2014 Kidney biopsy Up
miR-188-3p Argyropoulos, 2013 Urine Down
miR-191-5p Zhou, 2013 Blood Up
miR-1912 Argyropoulos, 2013 Urine Up
miR-1913 Argyropoulos, 2013 Urine Up
miR-1915-3p Zhou, 2013 Blood Up
Cardenas-Gonzalez, 2017 Urine Down
miR-1915-5p Delic, 2016 Urine Up
miR-192-5p Wang, 2013 Urine Down
Jia, 2016 Urinary exosome Up
Jia, 2016 Urinary exosome Down
Ma, 2016 Serum Down
miR-195-5p Jia, 2016 Urinary exosome Up
Jia, 2016 Urinary exosome Down
miR-196a-5p Baker, 2017 Proximal tubules Down
miR-198 Wang, 2013 Urine Down
miR-199a-3p Argyropoulos, 2015 Urine Up
miR-19a-3p Conserva, 2014 Kidney biopsy Up
miR-21-5p Fiorentino, 2013 Kidney biopsy Up
McClelland ? 2015 Kidney biopsy Up
Pezzolezi, 2015 Plasma Up
Chien, 2016 Serum Up
Baker, 2017 Glomeruli Up
Kolling, 2017 Plasma Up
miR-214-3p Conserva, 2014 Kidney biopsy Up
Baker, 2017 Glomeruli Up
Argyropoulos, 2013 Urine Up
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miR-214-5p Argyropoulos, 2013 Urine Up
miR-215 Jia, 2016 Urinary exosome Up
Jia, 2016 Urinary exosome Down
miR-217 Shao, 2016 Serum Up
miR-221-3p Argyropoulos, 2013 Urine Down
miR-222-3p Argyropoulos, 2013 Urine Up
miR-223-3p Bijkert, 2015 Plasma Down
miR-23a-3p Baker, 2017 Glomeruli Up
miR-25-3p Bijkert, 2015 Plasma Up
miR-26a-5p Zhou, 2013 Blood Down
miR-27a-3p Bijkert, 2015 Plasma Up
miR-2861 Delic, 2016 Urine Up
Cardenas-Gonzalez, 2017 Urine Down
miR-29a-3p Chien, 2016 Serum Up
Conserva, 2014 Kidney biopsy Up
Peng, 2013 Urine Up
Baker, 2017 Glomeruli Up
Pezzolezi, 2015 Plasma Down
miR-29b-3p Wang, 2013 Urine Down
miR-29b-1-5p Argyropoulos, 2013 Urine Up
miR-29¢-3p Pezzolezi, 2015 Plasma Down
miR-301a-3p Conserva, 2014 Kidney biopsy Up
miR-302a-3p Argyropoulos, 2015 Urine Up
miR-30a-3p Baker, 2017 Glomeruli Down
miR-30a-5p Eissa ?, 2016 Urine/Urinary exosomes Up
Eissa®, 2016 Urinary exosome Up
Baker, 2017 Proximal tubules Down
Baker, 2017 Glomeruli Down
Cardenas-Gonzalez, 2017 Urine Up
Argyropoulos, 2015 Urine Down
miR-30c-5p Zhou, 2013 Blood Up
Cardenas-Gonzalez, 2017 Urine Up
Baker, 2017 Glomeruli Down
Baker, 2017 Proximal tubules Down
miR-30d-5p Delic, 2016 Urine Down
Cardenas-Gonzalez, 2017 Urine Up
miR-30e-5p Delic, 2016 Urine Down
Cardenas-Gonzalez, 2017 Urine Up
miR-3184-3p Baker, 2017 Glomeruli Down
miR-320 Bijkert, 2015 Plasma Up
miR-320b Zhou, 2013 Blood Up
miR-320c Delic, 2016 Urine Up
Zhou, 2013 Blood Up
miR-320d Zhou, 2013 Blood Up
miR-320e Zhou, 2013 Blood Up
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miR-323b-5p Argyropoulos, 2013 Urine Down
miR-326 Bijkert, 2015 Plasma Up
miR-335-3p Argyropoulos, 2013 Urine Up
miR-340 Bijkert, 2015 Plasma Up
miR-342-3p Conserva, 2014 Kidney biopsy Up
Eissa ?, 2016 Urine/Urinary exosomes Up
Eissa ”, 2016 Urinary exosome Up
miR-34a Eissa ?, 2016 Urine Up
miR-363 Zhou, 2013 Blood Down
miR-3665 Zhou, 2013 Blood Up
miR-371b-3p Delic, 2016 Urine Up
miR-373-3p Argyropoulos, 2013 Urine Up
miR-375 Wang, 2013 Urine Down
miR-377 Conserva, 2014 Kidney biopsy Up
miR-3940-5p Zhou, 2013 Blood Up
miR-3960 Zhou, 2013 Blood Up
miR-420 Argyropoulos, 2013 Urine Up
miR-423-5p Baker, 2017 Glomeruli Down
miR-424-5p Barutta, 2013 Urinary exossome Down
Argyropoulos, 2013 Urine Up
miR-4270 Delic, 2016 Urine Up
miR-429 Conserva, 2014 Kidney biopsy Up
Argyropoulos, 2013 Urine Up
miR-4286 Baker, 2017 Glomeruli Up
miR-4301 Baker, 2017 Glomeruli Down
Cardenas-Gonzalez, 2017 Urine Up
miR-433 Argyropoulos, 2013 Urine Up
miR-4429 Zhou, 2013 Blood Up
miR-4454 Zhou, 2013 Blood Up
miR-4466 Zhou, 2013 Blood Up
miR-4488 Zhou, 2013 Blood Up
miR-451a Baker, 2017 Proximal tubules Down
miR-453 Argyropoulos, 2013 Urine Down
miR-4532 Cardenas-Gonzalez, 2017 Urine Down
miR-4536-3p Cardenas-Gonzalez, 2017 Urine Up
miR-4707-5p Zhou, 2013 Blood Up
miR-4739 Delic, 2016 Urine Up
miR-4778-5p Delic, 2016 Urine Up
miR-486-3p Argyropoulos, 2013 Urine Up
Baker, 2017 Glomeruli Down
Baker, 2017 Proximal tubules Down
miR-486-5p Zhou, 2013 Blood Up
Baker, 2017 Glomeruli Down
Baker, 2017 Proximal tubules Down
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miR-495 Argyropoulos, 2015 Urine Down
miR-520h Argyropoulos, 2013 Urine Down
miR-524-5p Argyropoulos, 2013 Urine Down
miR-548¢-3p Argyropoulos, 2015 Urine Down
miR-5480-3p Argyropoulos, 2015 Urine Down
miR-552 Argyropoulos, 2013 Urine Up
miR-5585-3p Baker, 2017 Glomeruli Up
miR-589-5p Argyropoulos, 2013 Urine Down
Baker, 2017 Glomeruli Up
miR-572 Delic, 2016 Urine Up
miR-574-3p Bijkert, 2015 Plasma Down
miR-6068 Delic, 2016 Urine Up
miR-6126 Delic, 2016 Urine Up
miR-6133 Delic, 2016 Urine Up
miR-616-5p Argyropoulos, 2015 Urine Up
miR-619 Argyropoulos, 2013 Urine Up
miR-628-5p Argyropoulos et al, 2013 Urine Up
miR-636 Eissa %, 2016 Urine/Urinary exosomes Up
miR-638 Argyropoulos, 2013 Urine Up
Delic, 2016 Urine Up
Wang, 2013 Urine Down
miR-640 Argyropoulos, 2015 Urine Up
miR-645 Argyropoulos, 2015 Urine Up
miR-660 Bijkert, 2015 Plasma Up
miR-665 Argyropoulos, 2015 Urine Down
miR-6747 Cardenas-Gonzalez, 2017 Urine Up
miR-6839 Cardenas-Gonzalez, 2017 Urine Up
miR-6842-3p Cardenas-Gonzalez, 2017 Urine Up
miR-765 Argyropoulos, 2013 Urine Up
miR-767-3p Argyropoulos, 2015 Urine Down
miR-770-5p Argyropoulos, 2015 Urine Up
miR-98-5p Baker, 2017 Proximal tubules Down
miR-92a-3p Argyropoulos, 2013 Urine Up
miR-92b-3p Argyropoulos, 2013 Urine Up
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ABSTRACT

Background: Diabetic kidney disease (DKD) is the major cause of end-stage renal
disease, contributing to increased morbidity and mortality among diabetic patients.
Recent studies have shown that microRNAs (miRNAs) play a key role in DKD
pathogenesis; however, the identification of a specific miRNA profile involved in this
diabetic complication remains to be achieved.

Aims: To investigate a miRNA expression profile in patients with type 1 diabetes
mellitus (T1DM) with DKD (cases) or without this complication (controls), and to
perform bioinformatic analysis to evaluate in which pathways these miRNAs are
involved.

Methods: Expressions of 48 miRNAs were investigated in plasma of 58 T1DM patients
(23 controls, 18 with moderate DKD, and 17 with severe DKD) and 10 healthy subjects
using Stem-loop RT-PreAmp Real-time PCR and TagMan Low Density Array cards
(Thermo Fisher Scientific). Five dysregulated miRNAs were then selected for validation
in an independent sample of 10 T1DM controls, 19 DKD patients and 10 healthy
subjects, using RT-qPCR. Bioinformatic analyses were done to explore the putative
target genes and biological pathways regulated by these miRNAs.

Results: Nine miRNAs were differentially expressed between DKD cases and T1DM
controls. After validation, miR-21-3p and miR-378-3p were confirmed to be
upregulated in patients with severe DKD; while miR-16-5p and miR-29a-3p were
downregulated in this group of patients compared to TLDM controls. Our bioinformatic
analyses indicate that these 4 miRNAs regulate genes from PI3K/Akt, longevity, fluid

shear stress and atherosclerosis, AGE-RAGE, TGF-f1, and relaxin signaling pathways.
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Conclusions: Our study indicates that 4 miRNAs are differently expressed in severe

DKD patients, providing information about the biological pathways in which they are

involved.

Keywords: microRNAs, diabetic kidney disease, bioinformatics, target prediction
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INTRODUCTION

Diabetic kidney disease (DKD) is a common microvascular complication that occurs in
approximately 40% of patients with diabetes mellitus (DM), and it is caused by
dysfunction of various cell types of the kidneys, ultimately leading to end-stage renal
disease (ESRD) (1-3). This complication is clinically characterized by albuminuria and
a progressive decline in the glomerular filtration rate (GFR) (1, 4). Key pathological
alterations of DKD include glomerular hypertrophy, mesangial expansion and
tubulointerstitial fibrosis, caused by accumulation of extracellular matrix (ECM)
proteins, thickening of basement membrane, and podocyte apoptosis and foot process
effacement (5).

Usually, DKD is the cumulative result of inadequate metabolic control over
many years of DM; hence, patients with chronic hyperglycemia have a greater risk for
developing this complication than those with a tight glycemic control (6, 7). However, it
has not yet been completely understood why some patients with intensive treatment and
dedicated compliance still develop DKD, while others do not develop it despite poor
glycemic control (6). In addition, the predictive power of the laboratorial tests currently
used for DKD diagnosis is apparently not sufficient for reliable identification of which
patients are at high risk of developing DKD or progress to ESRD (3, 8). Therefore, new
biomarkers and pathological mechanisms need to be identified for more effective
diagnosis, prognosis and treatment of DKD patients.

MicroRNAs (miRNAs) are a class of short noncoding RNAs that regulate
expression of more than 60% of protein-coding genes by pairing to the 3’ untranslated
regions (3’ UTR) of their target mMRNAs, thus inducing their degradation or translational
repression (5, 9, 10). Recent evidence has shown that miRNAs can be transported

between cells as well as circulate as stable molecules in body fluids; constituting a new
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cell-to-cell communication mode (11, 12). Moreover, miRNA expression profiles in
body fluids usually reflect a tissue specific injury (13), being associated with the
development of various diseases (11, 14-16). Therefore, circulating miRNAs are ideal
noninvasive biomarkers of health status and disease progression because they are stable
in body fluids, and can be detected using stablished techniques for quantification, such
as quantitative PCR (RT-qPCR) (11, 17, 18).

The association between miRNAs and kidney dysfunction was initially
suggested by experimental studies showing that podocyte-specific knockout of Dicer, an
enzyme required for the production of mature miRNAs, caused proteinuria, podocyte
foot effacement and apoptosis, glomerulosclerosis and tubulointerstitial fibrosis (19-21).
Hyperglycemia is known to induce expression of several miRNAs in renal cells both in
vivo and in vitro, which promotes the accumulation of ECM proteins related to fibrosis
and glomerular dysfunction (22). Accordingly, over the past few years a number of
circulating or urinary miRNAs have been reported as being dysregulated in specific
stages of DKD (22-27); however, results are still inconclusive.

Therefore, taking into account that miRNAs might be biomarkers of DKD, the
aim of this study was to investigate a circulating miRNA expression profile in plasma of
T1DM patients with different stages of DKD. Additionally, we carried out
bioinformatic analyses to investigate the putative targets and biological pathways under

regulation of the miRNAs potentially associated to DKD.
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METHODS

Study population and phenotype measurements

This case-control study was designed in accordance with STROBE guidelines (28), and
included two independent samples of TIDM patients with DKD (cases) and without this
complication (T1DM controls), called “screening sample” and “validation sample”. The
screening sample comprised 23 T1DM controls and 35 patients with DKD (18 with
moderate DKD and 17 with severe DKD). The validation sample included 10 T1IDM
controls and 19 DKD cases (10 with moderate DKD and 9 with severe DKD).
Additionally, a group of 10 healthy subjects was included in both screening and
validation samples.

All T1IDM patients included in the study were from the outpatient clinic at
Hospital de Clinicas de Porto Alegre or Instituto da Crianca com Diabetes at Grupo
Hospitalar Conceicdo (Rio Grande do Sul, Brazil), and were recruited between August
2014 and September 2016. DKD was defined following the Kidney Disease Improving
Global Outcomes (KDIGO) guidelines (29). TIDM patients were then divided into 3
groups according to their renal function: 1) patients without DKD and >10 years of
T1DM diagnosis [urinary excretion of albumin (UEA) < 30mg/g and estimated GFR
(eGFR) > 60 ml/min/1.73 m?; T1DM control]; 2) patients with moderate DKD (UEA
30-300mg/g and/or eGFR 30-59 ml/min/1.73 m?); and 3) patients with severe DKD
(UEA > 300 mg/g and/or eGFR 1-29 ml/min/1.73 m?2). Therefore, the case group was
constituted by patients having moderate or severe DKD. The inclusion criteria was age
18-40 years, and T1DM diagnosis was based on the American Diabetes Association
criteria (30). Exclusion criteria for cases were any febrile illness during the last 3

months, chronic inflammatory or rheumatic diseases, hepatitis, HIV-positivity,
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glucocorticoid treatment, liver or cardiac failure, kidney transplantation, hereditary
dyslipidemia, and inborn or acquired errors of metabolism excepting DM.

In addition, nondiabetic groups in the screening and validation samples consisted
of age- and gender-matched healthy blood donors recruited between August 2014 and
September 2016. Exclusion criteria for these groups were: presence of alcoholism,
obesity, nondiabetic chronic kidney disease (CKD), hypertension, smoking habits,
family history of DM, occurrence of infections or inflammatory diseases, and glycated
hemoglobin (HbA1c) > 5.7%.

A standard questionnaire was used to collect information on age, age at
diagnosis, TIDM duration, and drug treatment. The ethnic group was defined based on
self-classification, and only white subjects were included in the study. All patients
underwent physical and laboratory evaluations, as previous described (31). Serum
creatinine was measured by the Jaffé reaction and UAE by immunoturbidimetry (Sera-
Pak immuno microalbuminuria, Bayer, Tarrytown, NY, USA; mean intra and interassay
coefficients of variance of 4.5% and 11% respectively) (32). Patients interrupted the use
of angiotensin-converting enzyme inhibitors or angiotensin receptor antagonists for at
least one week before having their UAE measured. Estimated GFR was calculated using
the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation (33).

The study protocol was approved by Ethic Committees in Research from
Hospital de Clinicas de Porto Alegre and Grupo Hospitalar Conceicdo/Instituto da

Crianca com Diabetes, and all patients gave their informed consent in writing.

RNA extraction
Peripheral blood samples of all subjects were collected at least 8 h after the last meal,

always during the morning. After collection, blood samples were checked for
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hemolysis; then, non-hemolyzed samples were centrifuged at 3500 rpm for 15 min at
4°C, and plasma aliquots were stored at -80°C until relative quantification of miRNA
expressions.

Total RNA was extracted from 450 pl of plasma using the MiRVana PARIS
miRNA Isolation Kit (Ambion, Thermo Fisher Scientific, DE, USA), following the
manufacturer’s instructions. Purity and concentration of RNA samples were evaluated
using the NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific). Only
samples that had acceptable purity ratios (A260/A280 = 1.9 - 2.1) were used for the
analyses (34). RNA integrity was checked on agarose gels containing GelRed Nucleic

Acid Gel Stain (Biotium Inc., Hayward, CA, USA).

Quantification of miRNA expressions using Custom TagMan Array miRNA cards
Relative expression of 48 miRNAs was analyzed in plasma of all subjects from the
screening sample using Custom TagMan Array MicroRNA cards (Thermo Fisher
Scientific), which contain probes for 45 target miRNAs and for 3 reference genes
[RNU44, RNU48 and small nuclear RNA U6 (U6snRNA)], as described in the
Supplementary Table 1. Selection of these miRNAs was performed by searching in
the miRWalk 2.0 database (35) those miRNAs possible associated with DKD and also
based on the available literature (36, 37).

Quantification of mMiRNA expressions were done in 3 separate reactions. First,
total RNA (10 ng) was reverse-transcribed into specific miRNAs using the TagMan
miRNA Reverse-Transcription (RT) kit and Multiplex RT Pool Set (Thermo Fisher
Scientific), which contains stem-loop RT primers that bind to their complementary
miRNAs and initiate the RT reaction. Second, specific cDNAs for the 48 miRNAs of

interest were pre-amplified with the TagMan PreAmp Master Mix 2x kit and Custom
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PreAmp Primer Pool (Thermo Fisher Scientific), according to the manufacturer’s
recommendations. The PreAmp product was then diluted with 175 ul of 0.1x TE buffer
(pH 8.0).

Third, RT-gPCR reactions were done in a Vii™ 7 Fast Real-Time PCR System
Thermal Cycler (Thermo Fisher Scientific), using the TagMan Low Density Array
(TLDA) block. Reactions were performed using 1.13 ul of the diluted PreAmp product
and 56.25 ul of the TagMan Universal PCR Master Mix Il no UNG 2x (Thermo Fisher
Scientific), in a total volume of 112.5 ul pipetted into the 384 micro-wells of the array
plates by centrifugation. The thermal-cycling conditions were: 95°C for 10 min,
followed by 50 cycles of 95°C for 15 s and 60°C for 1 min. Relative expressions were
calculated using the 22" method (38). For all analysis, only the U6snRNA was used as
the reference gene because it showed the lowest variation among samples. Data are

shown as n fold changes in relation to a calibrator sample.

Validation of Custom TagMan Array miRNA results using individual RT-gPCR
Five miRNAs were chosen for confirmation of their expressions in the validation
sample using individual RT-qPCR, accordingly to the MIQE guidelines (34). The
criteria for choosing these miRNAs were: 1) those miRNAs with the highest differences
in n fold changes between patients with DKD and T1DM controls from the screening
sample; and/or 2) number of miRNA targets involved in pathways related to DKD
pathogenesis, which was assessed by bioinformatic analysis.

RT-gPCR experiments were performed in two separate reactions: first, total
RNA was reverse-transcribed into cONA; then, cDNA was amplified by RT-qPCR. RT
of 2 ng of RNA into cDNA was done using TagMan miRNA RT kits (Thermo Fisher

Scientific) specific for each of the 5 miRNA analyzed. RT-gPCR reactions were
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performed in a Vii™ 7 Fast Real-Time PCR System Thermal Cycler, using 0.5 pl
TagMan miRNA Assays 20x (Thermo Fisher Scientific) for target miRNAs or
U6sNRNA, 5 ul TagMan Universal PCR Master Mix Il no UNG 2x, and 1 ul of cDNA
(10 ng/ul), in a final volume of 10 ul. Each sample was evaluated in triplicate and a
negative control was included in all experiments. Cycling conditions were an initial
cycle of 95°C for 10 min, followed by 50 cycles of 95°C for 15 s and 60°C for 90 s.
Quantification of the 5 miRNAs were performed using the 2" method and the
U6snRNA gene as the reference gene (34), and are shown as n fold changes in relation

to the calibrator sample.

In silico identification and analysis of putative miRNA target genes

Those dysregulated miRNAs chosen for validation by RT-gPCR were then submitted to
bioinformatic analyses to investigate their putative target genes and to find possible
biological pathways under their regulation (Supplementary Figure 1). For the analysis
of putative target genes, we used both validated data and computational prediction tools.
First, we collected experimentally validated miRNA-target interactions reported in
humans from 3 distinct public resources: miRTarBase release 6.1 (39), starBase v2.0
(40), and Tarbase v7.0 (41). Data was pre-processed using in-house scripts in the R
environment to retrieve only those interactions involving miRNAs of interest, and the
following filtering criteria were adopted: 1) for mirTarBase, only interactions classified
as functional were kept; 2) for starBase, we restricted for interactions with “low”
stringency and predicted by at least 3 software; and 3) for TarBase, we considered only
interactions classified as “positive”, which was related to a direct association between
miRNAs and their target genes. In addition, for TarBase data derived from HITS-CLIP

and PAR-CLIP high-throughput experiments (classified as limited evidence), we only
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considered interactions supported by 3 or more experiments. The union of all
interactions retrieved from the 3 queried sources was considered as the set of validated
miRNA-target gene interactions in our study.

Second, to complement the list of experimentally validated miRNA-target
interactions, we used the following web-based in silico target prediction tools:
TargetScan v7.1, where interactions involving conserved miRNA sites and with
Context++ scores < -0.2 were selected (42); Diana MicroT-CDS, selecting interactions
with scores > 0.8 (43); and Microcosm V5.0, retrieving interactions with P values < 0.1
(44). All interactions predicted by at least 2 computational tools were then included in
the final list of predicted miRNA-target interactions. Lists of unique validated and
predicted miRNA-target gene interactions were combined for use in the subsequent
functional enrichment analyses. Of note, prior to the next analysis, miRNAs and genes
identifiers were mapped to miRBase v21 (44) and Human Gene Nomenclature
Committee (45, 46).

We investigated the functional enrichment of the retrieved target genes using
pathways annotation from KEGG Pathway Database (47, 48) and statistical methods
implemented in the package clusterProfiler in R/Bioconductor environment (49). This
investigation was performed for targets of each individual miRNA of interest or for
targets of these miRNAs grouped according to their expression profile (up- or
downregulation). Significance for KEGG pathways enrichment was estimated using a
hypergeometric test and adjusted to account for multiple hypothesis testing using the
False Discovery Rate (FDR) procedure implemented in the g-value R package (50).
Pathways with a g-value < 0.05 were considered strongly enriched for the inputted list

of target genes; nonetheless, as this analysis is sensitive to the number of targets
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retrieved for a given miRNA, pathways with P values < 0.1 and biological plausibility
were also taken into consideration in the interpretation of miRNA functional roles.
Functional similarities between miRNAs of interest were analyzed using the
Jaccard similarity coefficient (JC), which provides a measure of similarity of two sets of
elements. The JC is computed as the size of the intersection between the two sets
divided by the size of their union, and provides a value (0 to 1) that reflects the degree
of shared members between the sets, where the higher the value the larger is their

overlap.

Statistical analysis
Normal distribution was checked using Kolmogorov-Smirnov and Shapiro-Wilk tests.
Variables with normal distribution are shown as mean * standard deviation (SD).
Variables with skewed distribution were log-transformed before analyses and are
presented as median (25"-75™ percentiles). Categorical data are shown as percentage.
Clinical and laboratory characteristics as well as miRNA expressions were compared
among groups of subjects using One-way ANOVA or y? tests, as appropriate.
Correlations between quantitative variables were analyzed using Pearson’s
correlation tests. To investigate the discriminatory power of the dysregulated miRNAS
to differentiate patients with or without DKDs, receiver-operating characteristic (ROC)
curves were created and the respective areas under the curves (AUCs) were calculated.
All analyses were performed using the SPSS statistical package (v.20.0) for Windows

(SPSS Inc, Chicago, IL), and P values < 0.05 were considered statistically significant.
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RESULTS

Clinical and laboratory characteristics of the subjects included in the study

Descriptive characteristics of TLDM controls, cases with moderate or severe DKD and
healthy subjects included in this study are summarized in Table 1. Considering that
distributions of these characteristics were similar between subjects from the screening
and validation samples (data not shown), results are shown in Table 1 for both samples
analyzed together. DKD cases, T1IDM controls and healthy subjects from both samples
did not differ significantly regarding age, gender, and mean body mass index (BMI).
HbAlc levels were higher in patients with DKD compared to the other groups, but
T1DM controls had intermediate levels between DKD cases and healthy subjects.
Patients with severe DKD showed higher prevalence of hypertension and diabetic
retinopathy when compared to the other diabetic groups. As expected, creatinine levels
were increased and eGFR was decreased in patients with severe DKD compared to the
other diabetic groups. UAE progressively increased from T1DM controls to moderate

and severe DKD (Table 1).

Expression profile of 45 miRNAs in subjects from the screening sample

Expressions of 45 circulating miRNAs were evaluated in plasma of T1DM controls and
DKD cases from the screening sample. Of these 45 miRNAs, 40 (88.9%) had detectable
expression in plasma in >10% of the samples, allowing more reliable statistical analyses
(Figure 1 and Table 2). Nine of these 40 miRNAs were differentially expressed
between T1DM controls and DKD cases (Table 2). Of note, miR-16-5p, miR-29-3p and
miR-204-5p were significantly downregulated in patients with moderate and severe

DKD compared to TLDM controls, while miR-503-5p was upregulated in moderate and
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severe DKD. Interestingly, miR-21-3p and miR-378a-5p were upregulated only in
patients with severe DKD compared to the other groups, while miR-141-3p, miR-192-
5p and miR-215-5p were downregulated in patients with severe DKD (Table 2).
Expressions of the 9 dysregulated miRNAs in DKD patients were also compared
between T1DM controls and healthy subjects to investigate if these miRNAs were also
associated with TIDM per se (Table 3). As a result, we found that miR-16-5p and hsa-
miR-29a-3p were significantly upregulated in healthy subjects compared to T1DM
controls (P = 0.0001 and P = 0.039, respectively); thus, expressions of these 2 miRNAs
progressively decreased from healthy controls to TIDM controls and DKD patients.
Expressions of the other 7 dysregulated miRNAs were not significantly different

between T1DM controls and healthy subjects (Table 3).

Validation of the five selected miRNAs by RT-qPCR

Out of the 9 miRNAs differently expressed among the analyzed groups in the screening
sample, we choose 5 miRNAs to validate by RT-gPCR in the validation sample (miR-
16-5p, miR-21-3p, miR-29a-3p, miR-378a-5p, and miR-503-5p) after applying the
selection criteria described in the Methods section.

As depicted in Figure 2A and 2C, miR-16-5p and miR-29a-3p were
downregulated in patients with severe DKD compared to both moderate DKD and
T1DM control groups, although the comparison of miR-29-3p expression between
severe DKD and moderate DKD groups did not reach formal statistical significance (P
= 0.090). MiR-21-3p and miR-378a-5p were increased in severe DKD patients
compared to patients with moderate DKD and T1DM controls (Figure 2 B and D);
however. In contrast with the array data, miR-503-5p expression was not significantly

different among the 3 analyzed groups (Figure 2E).
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For the subsequent analyses, both screening and validation samples were
analyzed together in order to increase the statistical power. First, we calculated
sensitivity and specificity of the 4 differently expressed miRNAs for detecting DKD,
using ROC curve analyses (Supplementary Table 2). The highest AUC (0.804) was
found for miR-29a-3p, with a cutoff of 0.143, resulting in 72.4% sensitivity and a low
specificity of 13% for detecting DKD cases. MiR-16-5p, miR-21-3p and miR-378a-5p
showed AUCs lower than 0.80 for detecting DKD cases. Regarding severe DKD, miR-
21-3p showed the highest AUC (0.887) with a cutoff of 0.141, and 80.0% sensitivity
and 87.0% specificity (compared to the moderate DKD group). Moreover, for miR-16-
5p, miR-29a-3p and miR-378-5p we found that AUCs were 0.706, 0.680 and 0.875;
with cutoffs of 0.004, 0.156 and 0.430, resulting in sensitivity of 76.9%, 76.9% and
90.0%, and specificity of 17.9%, 23.1% and 89.3; respectively (compared to the
moderate DKD group; Supplementary Table 2).

Next, we evaluated correlations among the 4 dysregulated miRNA (miR-16-5p,
miR-21-3p, miR-29a-3p, and miR-378a-5p) validated in this study and DKD-related
measurements (eGFR, creatinine and UAE levels), as well as HbAlc levels. MiR-21-3p
and miR-378a-5p expressions were negatively correlated with eGFR (r = -0.633, P =
0.004; and r = -0.455, P = 0.044; respectively), while miR-378a-5p expression was
positively correlated with UAE levels (r = 0.338, P = 0.049) in DKD cases. MiR-21-3p
was also positively correlated with serum creatinine levels (r = 0.616, P = 0.004). None

of the 4 validated miRNAs correlated with HbAlc levels (P > 0.05).

Target prediction for the dysregulated miRNAs analyzed in the validation sample
Target prediction of the 5 miRNAs chosen for validation by RT-gPCR (hsa-miR-16-5p,

hsa-miR-29a-3p, hsa-miR-21-3p, hsa-miR-378a-5p, and hsa-miR-503-5p) were
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performed using distinct resources, including experimentally validated data and
computational target prediction tools, as described in the Methods Section. In general,
1670 genes were identified as putative targets of these 5 miRNAs (Supplementary
Table 3), although only 200 genes were found to be modulated by 2 or more miRNAs
(Supplementary Figure 2).

Individually, 983 target genes were found for hsa-miR-16-5p, 56 for hsa-miR-
21-3p, 689 for hsa-miR-29a-3p, 34 for hsa-miR-378a-5p, and 126 for hsa-miR-503-5p
(Supplementary Table 3; Supplementary Figure 2). Additionally, we obtained a total
of 1291 experimentally validated interactions and 597 predicted interactions for the 5
miRNAs analyzed. The 3 upregulated miRNAs (hsa-miR-21-3p, hsa-miR-378a-5p, and
hsa-miR-503-5p) target a total of 215 unique genes, while the downregulated miRNAs
(hsa-miR-16-5p and hsa-miR-29a-3p) target a total of 1572 unique genes
(Supplementary Table 3). The complete list of targets for each of the 5 analyzed
miRNAs of interest is shown in the Supplementary Table 4.

We next compared the list of putative target genes shared among the 5 miRNAs
analyzed in the validation sample by computing the JC in a pairwise fashion (Figure
3A), as described in the Methods Section. The highest JC was found for the comparison
between hsa-miR-16-5p and hsa-miR-503-5p (0.095), whereas the smallest non-zero JC
value was detected between hsa-miR-16-5p and hsa-miR-378a-5p (0.002), indicating

that these 5 miRNAs target few genes in common.

Functional enrichment analysis for the 5 miRNAs analyzed in the validation sample
To explore the biological pathways possible affected by the 5 miRNAs chosen for
validation by RT-qPCR (hsa-miR-16-5p, hsa-miR-21-3p, hsa-miR-29a-3p, hsa-miR-

378a-5p, and hsa-miR-503-5p), we carried out functional enrichment analysis of their
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target genes using pathways maps from the KEGG Database. A total of 136 pathways
were enriched for these miRNASs considering P values < 0.1, among which 91 pathways
have corrected g-values < 0.05 (Supplementary Table 5). We also analyzed functional
enrichment of the 5 miRNAs of interest grouped by their expression profile (up- or
downregulation), and observed that many of the enriched pathways consist of genes
well known to be related to DKD pathogenesis, such as PI3K/Akt, p53, AMPK,
longevity regulating, fluid shear stress and atherosclerosis, endocytosis, protein
processing in endoplasmic reticulum, AGE-RAGE, TGF-B1, and relaxin signaling
pathways (Figure 4).

We next compared the similarity among the 5 miRNAs of interest in terms of
their enriched pathways using the pairwise JC (Figure 3B). Despite the low overlap
among target genes of these miRNAS, as shown in Figure 3A, a substantial overlap in
the list of regulated pathways are found for some pairs of miRNAs, especially among
hsa-miR-16-5p, hsa-miR-29a-3p, and hsa-miR-503-5p (Figure 3B). This may indicate
that these miRNAs act in shared pathways through distinct mechanisms and targets,
thus having complementary roles in their modulation.

Noteworthy, in the Supplementary Table 6 we show the list of target genes and
significant pathways for the 4 miRNAs (hsa-miR-141-3p, hsa-miR-192-5p, hsa-miR-
204-5p, and hsa-miR-215-5p) that were dysregulated in DKD patients from the

screening sample, but were not chosen for validation by RT-gPCR.

DISCUSSION

Significant efforts have been made to identify biomarkers that could clinically detect

early stages of DKD and the progressive decline in kidney function (22, 26). Circulating
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and urinary miRNAs are not affected by glomerular filtration and dialysis since they
circulate in body-fluids complexed to proteins, such as Argonaute-2, or packaged into
microvesicles, exosomes, or apoptotic bodies (51, 52); potentially constituting ideal
biomarkers of DKD. Therefore, considering that miRNAs might be biomarkers of
DKD, we evaluated the expression profile of 45 circulating miRNAs in T1LDM patients
with this complication and in T1DM controls. In the screening sample, we found 9
miRNAs dysregulated in plasma of patients with different stages of DKD (miR-16-5p,
miR-21-3p, MiR-29a-3p, MiR-141-3p, MiR-192-5p, miR-204-5p, miR-215-5p, miR-
378a-5p, and miR-503-5p). Five of these miRNAs were then chosen for validation in an
independent sample. Among them, miR-16-5p, miR-21-3p, miR-29a-3p, and miR-378a-
5p maintained the expression trend observed in the screening sample, but miR-503-5p
was not confirmed to be associated with DKD.

MiR-16-5p and miR-29a-3p were downregulated in patients with severe DKD
compared to the other groups of patients. In line with our results, Baker et al. (53)
reported that this miRNA was downregulated in proximal tubules of patients with DKD
compared to healthy subjects. MiR-16-5p expression was also downregulated in serum
of patients with nephrotic syndrome (54), and in plasma of critically ill patients with
dialysis-dependent acute kidney injury compared to healthy subjects (55). In contrast,
Neal et al. (56) showed that this miRNA was upregulated in plasma of nondiabetic
patients with ESRD receiving dialysis compared to CKD patients with moderate renal
impairment or normal renal function. Interestingly, miR-16-5p is regulated by
vasopressin in kidney inner medullary collecting duct cells from rats (57). The
vasopressin system has emerged as a factor strongly associated with kidney health in the
general population as well as in patients with different stages of CKD (58). Moreover,

miR-16-5p targets VEGFA (59), a well-known vascular growth factor that is important
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for maintaining the integrity of the glomerular filtration barrier as well as a survival
factor for the podocyte (60).

Experimental studies indicates that miR-29 family members (including miR-
29a-3p) have potent anti-fibrotic activities, mainly by targeting different types of
collagen via TGF-B1-Smad3-dependent mechanisms, which leads to decreased ECM
accumulation and, consequently, renal fibrosis (61-64). MiR-29a-3p is downregulated
by TGF-B1 in a variety of cell lines, including human and rat proximal tubule epithelial
cells, mouse mesangial cells, and human podocytes (63-65), which might predispose to
DKD. Accordingly, miR-29a knockdown in diabetic mice promoted histone deacetylase
activity, decreasing nephrin expression and, consequently, causing podocyte apoptosis,
proteinuria and subsequent renal dysfunction (65). Hence, diabetic mice overexpressing
miR-29a showed improved renal function and podocyte viability and decreased
glomerular fibrosis compared with the wild-type mice (65). In agreement with the
present study, Pezzolesi et al. (25) found that miR-29a-3p was downregulated in plasma
of fast-progressors to ESRD compared to nonprogressors, while 1-standard deviation
increase in miR-29a-3p expression was protective against fast progression to ESRD in
T1DM patients (25). However, other studies have shown that this miRNA is
upregulated in serum, urine or kidney of type 2 diabetic patients (53, 66, 67). These
contradictory results may be explained by differences in tissue types, methods used for
DKD classification, or type of DM that was analyzed.

The present study also indicates that miR-21-3p and miR-378a-5p are
upregulated in plasma of patients with DKD. MiR-21-3p was also reported to be
increased in post-transplant renal biopsies of patients with acute kidney injury compared
to matched-allografts without any pathology, twelve days after engraftment (68).

However, the molecular mechanisms behind the association of this miRNA with kidney
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injury are still unclear. Bang et al. (69) showed that miR-21-3p is produced by cardiac
fibroblasts and acts as a potent paracrine-acting miRNA that induces cardiomyocyte
hypertrophy. MiR-21-3p might mediate cardiac hypertrophic by targeting histone
deacetylase 8 (HDACS), which modulates the Akt/Gsk3b pathway (70). Therefore, there
is a possibility that this miRNA might also lead to hypertrophy of renal cells.
Accordingly, miR-21-3p is also induced by TGF-B1 in primary parenchymal lung
fibroblasts, affecting their function (71). In addition, Jiao et al. (72) reported that miR-
21-3p may be an oncogene for colorectal cancer by promoting cellular mobility through
epithelial-to-mesenchymal transition (EMT). Interestingly, these authors showed that
miR-21-3p targets E-cadherin and Smad7 in a colorectal cancer cell line, leading to
EMT promotion (72). It is known that E-cadherin decreases collagen production and,
consequently, ECM accumulation and fibrosis in renal cells (5); thereby, there is a
possibility that miR-21-5p may be triggering renal fibrosis by targeting E-cadherin. By
targeting Smad7, a TGF-B1 negative regulator (5), miR-21-3p may also amplify the
TFG-B1 signaling cascade during renal fibrosis. Additional studies are needed to
confirm if miR-21-3p targets E-cadherin and Smad7 in renal cells.

MiR-378a-5p was originally reported to be expressed in a number of cancer cell
lines (73), and has been shown to directly affect VEGFA expression by competing with
miR-125a for the same seed-region in VEGFA mRNA, causing upregulation of this
vascular growth factor (74). Xing et al. (75) demonstrated that mesenchymal stromal
cells overexpression rno-miR-378a-5p had increased expression of VEGFA, PDGF-4
and TGF-g1, which have a recognized role in kidney dysfunction. This miRNA also
seems to be involved in apoptosis in colorectal cancer cells (76). Further studies are

necessary to clarify by which mechanisms miR-378-5p predispose to DKD.
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Although not chosen for validation, miR-141-3p, miR-192-5p, miR-204-5p and
miR-215-5p seem to be downregulated in DKD patients from the screening sample, and
deserve to be further investigated in great depth. Among these miRNAs, miR-192-5p is
highly expressed in normal kidneys compared to other organs, and has been consistently
reported as being downregulated in urine or serum of patients with DKD (22, 26, 77,
78). In addition, this miRNA has been negatively correlated with urinary albumin to
creatinine ratio, TGF-B1 and proteinuria levels (77-79). MiR192-5p downregulation in
renal cells seems to lead to decreased E-cadherin expression, thus increasing collagen
production and ECM accumulation, worsening renal fibrosis (80).

This study has a few limitations. First, although the limited sample size of the
screening sample, we tried to validate the results of 5 miRNAs by RT-gPCR in an
independent sample of DKD cases and controls. Of them, 4 miRNAs had their results
confirmed in the validation sample, suggesting that the association with DKD is robust.
Second, approximately 50% of the severe DKD group is constituted by patients in
hemodialysis. Hence, we cannot exclude the possibility that the upregulation of some
miRNAs in plasma of severe DKD patients may be due to a markedly decreased GFR in
these patients, concentrating these miRNAs in plasma. Even though we did not
evaluated miRNA expression in urine to answer this question, it seems that miRNAs
complexed to exosomes are not influenced by GFR and hemodialysis (51, 52).

In conclusion, the present study identified a set of nine miRNAs dysregulated in
T1DM patients with different stages of DKD. Four of them had their results validated in
a different sample, confirming that miR-21-3p and miR-378a-5p are upregulated in
patients with severe DKD; while, miR-16-5p and miR-29a-3p are downregulated in this
group of patients. Additionally, these miRNAs regulate genes from several important

pathways involved in mechanisms related to DKD development, such as podocyte
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injury, proteinuria, mesangial proliferation, extracellular matrix accumulation, and
endothelial cell injury. Experimental validation of the putative targets and perturbed
pathways under their regulation, as well as further investigation of these miRNAs in

different populations, are needed to confirm their utility as biomarkers.
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Table 1. Clinical and laboratory characteristics of all subjects included in the study considering the screening and validation samples together.

Characteristic T1DM controls Moderate DKD Severe DKD Healthy subjects P value*
(n=33) (n=28) (n =26) (n=20)
Age (years) 252+55 223+50 268+6.1 246+59 0.247
Gender (% male) 55.6 58.8 51.8 54.9 0.814
BMI (kg/m?) 234+29 23.6+3.6 228+3.7 25.7+3.8 0.174
HbAlc (%) 84+11° 10.1+2.1° 9.3+1.8° 53+0.3° 0.0001
Hypertension (% yes) 11.1° 11.8° 71.4° 0.0 0.0001
Age at TIDM diagnosis (years) 9.0 (5.0-12.0) 6.0 (3.0-10.0) 6.0 (6.0-9.0) - 0.608
Duration of T1IDM (years) 15.0 (13.0 - 19.0) 13.5(10.0 - 21.0) 19.0 (12.0 — 26.0)" - 0.003
Insulin dose (unit/kgday) 08+0.2 09+0.3 0.7+0.3 - 0.442
Triglycerides (mg/dl) 74.0 (50.0 — 107.0) 110.5 (63.5 — 148.2) 114.0 (63.0 — 215.0) - 0.068
Total-CT (mg/dl) 177.4+ 334 193.6£79.0 186.4 £42.9 - 0.727
HDL-CT (mg/dI) 49.1+11.3 58.5+14.9 62.1+ 275 - 0.173
Creatinine (ug/dI) 0.8 (0.6 — 0.9)* 0.9 (0.8-1.2) 51(1.7-8.1)° - 0.0001
eGFR (mL/min per 1.73m?) 120.0 (109.0 - 127.0)*  120.0 (89.0 — 128.0)" 13.5 (6.0 — 61.5)" - 0.0001
UAE (mg/g) 55(3.3-9.1) 77.0 (46.0 — 201.1)° 565.6 (3057.9)° - 0.0001
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Urea (mg/g) 36.0 (32.0 - 37.0) 42.0 (38.0 - 46.0) 105 (67.5 — 138.5) - 0.124

Diabetic retinopathy (%) 7.7 21.4% 78.6° - 0.0001

Variables are shown as mean + SD, median (25™-75" percentiles) %, as appropriate. * P values were computed using x> or ANOVA, followed by post-hoc multiple
comparison tests (residual analysis or Tukey’s tests, respectively), as appropriate. Analyses with significant differences are indicated as follows: means, medians or %
indicated by different letters differed from the other groups at P <0.05. CT: cholesterol; BMI: body mass index; eGFR: estimated glomerular filtration rate; HbAlc: glycated

hemoglobin.
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Table 2. MiRNA expressions in the screening sample obtained using Custom TagMan Array MicroRNA cards.

MiRNA T1DM patients without T1DM patients with T1DM patients with p*

DKD (n =23) moderate DKD (n = 18) severe DKD (n =17)

hsa-let-7b-5p

hsa-let-7c-5p
hsa-miR-10a-5p
hsa-miR-15a-5p
hsa-miR-16-5p
hsa-miR-17-5p
hsa-miR-20b-5p
hsa-miR-21-3p
hsa-miR-21-5p
hsa-miR-25-3p
hsa-miR-29a-3p
hsa-miR-29b-3p
hsa-miR-29¢-3p

hsa-miR-92a-3p

0.248 (0.065 — 1.356)
0.349 (0.037 — 0.941)
0.153 (0.038 — 0.591)
0.069 (0.006 — 0.157)
0.219 (0.039 — 1.000)*
0.071 (0.009 — 0.374)
0.089 (0.014 — 0.315)
0.043 (0.0003 — 0.145)
0.017 (0.004 — 0.070)
0.116 (0.045 — 0.485)
1.112 (0.397 — 1.757)°
0.199 (0.103 - 0.332)
0.076 (0.008 — 0.162)

0.148 (0.022 — 0.401)

0.166 (0.002 — 0.387)
0.215 (0.045 — 0.521)
0.079 (0.003 — 0.553)
0.070 (0.001 — 0.138)
0.054 (0.0008 — 0.391)"
0.050 (0.001 — 0.463)
0.041 (0.0005 — 0.302)
0.011 (0.0001 — 0.076)
0.058 (0.017 — 0.156)
0.116 (0.027 — 0.258)
0.371 (0.119 — 0.480)"
0.057 (0.031 — 0.265)
0.060 (0.003 — 0.194)

0.084 (0.016 — 0.255)

0.072 (0.010 — 0.186)
0.104 (0.003 — 0.653)
0.009 (0.001 — 0.136)
0.086 (0.009 — 0.200)
0.010 (0.003 - 0.119)"
0.012 (0.001 — 0.123)
0.019 (0.003 — 0.089)
1.026 (0.339 — 1.587)"
0.091 (0.026 — 0.298)
0.023 (0.003 — 0.125)
0.291 (0.126 — 0.614)"
0.031 (0.014 — 0.120)
0.007 (0.0005 — 0.045)

0.016 (0.005 — 0.142)

0.360

0.150

0.145

0.424

0.014

0.453

0.376

0.003

0.110

0.067

0.001

0.161

0.123

0.156
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has-miR-93-5p
hsa-miR-126-3p
hsa-miR-132-3p
hsa-miR-133a-3p
hsa-miR-141-3p
hsa-miR-146a-5p
hsa-miR-155-5p
hsa-miR-182-5p
hsa-miR-183-5p
hsa-miR-192-5p
hsa-miR-200a-3p
hsa-miR-200b-3p
hsa-miR-200c-3p
hsa-miR-204-5p
hsa-miR-205-5p
hsa-miR-210-3p
hsa-miR-211-5p

hsa-miR-215-5p

0.156 (0.013 — 0.407)
0.110 (0.018 — 1.562)
0.005 (0.0001 — 0.03)
0.189 (0.026 — 0.918)
0.203 (0.075 — 0.955)*
0.099 (0.010 — 0.197)
0.134 (0.027 — 0.355)
0.446 (0.101 — 1.210)
0.124 (0.075 — 0.980)
0.060 (0.033 — 0.418)"*
0.173 (0.005 — 0.805)
0.034 (0.006 — 0.108)
0.126 (0.009 — 0.361)
0.090 (0.017 — 0.224)*
0.327 (0.019 — 11.925)
0.212 (0.015 — 0.602)
0.048 (0.008 — 1.317)

0.499 (0.143 — 1.964)*

0.065 (0.0008 — 0.515)
0.094 (0.011 — 0.689)
0.006 (0.003 — 0.013)
0.082 (0.008 — 1.234)
0.040 (0.006 — 0.626)°
0.095 (0.008 — 0.281)
0.129 (0.027 — 0.443)
0.461 (0.155 — 2.861)
0.141 (0.045 — 0.502)
0.051 (0.002 — 0.329)*"
0.047 (0.0001 — 0.193)
0.011 (0.001 — 0.029)
0.099 (0.004 — 0.586)
0.009 (0.0001 — 0.032)"
0.0001 (0.0001 — 2.112)
0.149 (0.021 — 0.302)
0.059 (0.002 — 1.455)

0.340 (0.097 — 1.144)*

0.018 (0.007 — 0.207)

0.040 (0.009 — 0.417)

0.0005 (0.0001 — 0.004)

0.129 (0.014 — 0.426)

0.0001 (0.0001 — 0.112)°

0.023 (0.008 — 0.239)
0.015 (0.007 — 0.356)
0.406 (0.020 — 2.939)

0.272 (0.001 - NO)

0.010 (0.0001 — 0.112)°

0.056 (0.004 — 0.084)
0.005 (0.001 — 0.049)

0.070 (0.019 — 0.208)

0.004 (0.0001 — 0.028)"

NA
0.033 (0.007 — 0.468)

0.047 (0.010 — 0.223)

0.022 (0.0001 — 0.385)"

0.550

0.471

0.065

0.522

0.001

0.919

0.156

0.899

0.586

0.010

0.475

0.426

0.878

0.001

0.168

0.508

0.907

0.021
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hsa-miR-216a-5p
hsa-miR-320a
hsa-miR-338-3p
hsa-miR-377-3p
hsa-miR-378a-5p
hsa-miR-486-5p
hsa-miR-503-5p

hsa-miR-638

0.062 (0.006 — 0.450)
0.469 (0.101 — 1.049)
0.835 (0.210 — 5.019)
14.480 (0.007 - NO)
0.052 (0.008 — 0.157)*
0.211 (0.044 — 1.245)
0.112 (0.0001 — 0.354)*

5.442 (0.582 — 15.909)

0.003 (0.0001 — 0.075)
0.452 (0.042 — 1.595)
0.565 (0.132 — 4.689)

0.150 (0.001 - NO)

0.087 (0.014 — 0.316)?
0.119 (0.007 — 0.764)
1.574 (0.977 — 2.549)°

1.005 (0.324 — 4.044)

0.004 (0.0001 — 0.015)

0.171 (0.044 — 2.358)

0.501 (0.058 — 1.483)
NA

2.812 (0.795 — 4.475)°

0.025 (0.007 — 0.543)

5.676 (4.952 — 6.504)°

4.646 (0.470 — 26.433)

0.179

0.715

0.361

0.575

0.008

0.336

0.006

0.269

Data are shown as median (25" — 75 percentiles) of n-fold values. *P values were obtained from One-way ANOVA followed by Tukey post-hoc tests using the log-
transformed variable. Values with significant differences are indicated by different letters (P < 0.05), while similar values are indicated by the same letters. NO = non-

observed (for these groups, it was not observed any subject with expression higher than the 50™ percentile). NA = non-available (no expression values were observed for this

group).
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Table 3. MIRNA expressions in T1IDM controls and healthy subjects from the

screening sample.

MiRNA T1DM controls Healthy subjects p*
(n=23) (n=10)

hsa-miR-16-5p 0.219 (0.039 —1.000)  1.098 (0.644 —1.583) 0.0001
hsa-miR-21-3p 0.043 (0.0003 — 0.145) 0.079 (0.009 — 0.741) 0.949
hsa-miR-29a-3p 1.112 (0.397 — 1.757) ~ 1.450 (1.167 — 1.935) 0.039
hsa-miR-141-3p 0.203 (0.075 — 0.955) 2.295 (0.097 - NO) 0.256
hsa-miR-192-5p 0.060 (0.033 -0.418) 0.211 (0.074 —0.588) 0.096
hsa-miR-204-5p 0.090 (0.017 —0.224)  0.037 (0.002 —0.185) 0.794
hsa-miR-215-5p 0.499 (0.143-1.964)  0.415 (0.225 —7.873) 0.161
hsa-miR-378a-5p 0.052 (0.008 —0.157)  2.091 (0.274 — 6.580) 0.245

hsa-miR-503-5p

0.112 (0.0001 — 0.354)

NA

Data are shown as median (25" — 75™ percentiles) of n-fold values. *P values were

obtained by Student t-tests, using the log-transformed variable. NO = non-observed (for

these groups, it was not observed any subject with expression higher than the 50

percentile). NA = non-available (no expression values were observed for this group).
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FIGURES
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Figure 1. Distinct miRNA expression patterns in T1DM controls and in patients
with moderate DKD or severe DKD. Heatmap of the 40 miRNAs expressed in
subjects from the screening sample, derived from the array analysis. Each column
represents an individual sample and each row represents an individual miRNA.
Expression levels of miRNAs are shown in red (for upregulated miRNAs) and green
(for downregulated miRNAs), with brighter shades indicating higher fold differences

(logso n-fold change values) in relation to the calibrator sample. Absence of difference
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in expression levels is represented in black. Hierarchical clustering was performed using

Pearson uncentered distance metric with complete linkage.
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Figure 2. Dysregulated miRNAs in plasma from T1DM controls and patients with
moderate or severe DKD from the validation sample. Relative expressions of (A)
miR-16-5p, (B) miR-21-3p, (C) miR-29a-3p, (D) miR-378a-5p, and (E) miR-503-5p
were evaluated using RT-gPCR. Results are expressed as n-fold changes in relation to
calibrator sample (AAC; method), using the U6 snRNA as the reference gene, and are
shown as median (25" — 45™ percentiles). P-values were obtained using one-way

ANOVA tests with Tukey’s post-hoc tests. * P < 0.050, ** P < 0.010 and # P < 0.100.
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Figure 3. Jaccard coefficients (JC) computed in terms of (A) number of target
genes and (B) number of pathways for miR-16-5p, miR-21-3p, miR-29a-3p, miR-
378a-5p, and miR-503-5p. The solid lines connecting molecules represent the
existence of shared targets or pathways (JC > 0). Node size represents number of targets
or pathways for each miRNA; edge width is proportional to the overlap between
miRNAs targets or pathways measured by the JC; and nodes are colored based on the
differential expression of the miRNA in DKD cases: green represents those miRNAS

downregulated in DKD patients; while pink represents miRNAs which are upregulated.
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Figure 4. KEGG pathways potentially regulated by miR-16-5p, miR-21-3p, miR-
29a-3p, mMiR-378a-5p, and miR-503-5p, according to their expression profile.
Downregulated miRNAs in DKD patients: miR-16-5p and miR-29a-3p. Upregulated
miRNA in DKD patients: miR-21-3p, miR-378a-5p, and miR-503-5p. The size of the
circles denote the ratio of target genes involved in a given pathway (GeneRatio) and its
color represents the pathway’s g-value. Q-values: P values corrected for multiple tests

using the Benjamini-Hochberg procedure, as described in the Methods Section.
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SUPPLEMENTARY MATERIAL LIST

Supplementary Figure 1. Bioinformatics approach used to investigate the targets and

pathways of the miRNAs of interest.

Supplementary Figure 2. Venn diagram demonstrating target genes shared among the

5 miRNAs chosen for validation by RT-qPCR.

Supplementary Table 1. Assay reference numbers for the 48 analyzed miRNAs

included in the TagMan Low Density Array cards.

Supplementary Table 2. Receiver operating curves for miR-16-5p, miR-21-3p, miR-

29a-3p, and miR-378a-5p expressions in plasma of TLDM controls and DKD cases.

Supplementary Table 3. Total number of miRNA-target interactions for each of the 5
miRNA analyzed in the validation sample, both when considered individually and

grouped by their expression profile (up- or downregulation in DKD cases).

Supplementary Table 4. MiRNA-target gene interactions for the 5 miRNAs chosen
for validation by RT-gPCR (miR-21-3p, miR-29a-3p, miR-378a-5p, and miR-503-
5p, according to their expression). (Tabela em formato excel encaminhada em

arquivo digital anexo a tese).
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Supplementary Table 5. Significant KEGG pathways obtained for the 5 miRNAs
chosen for validation by RT-gPCR (miR-21-3p, miR-29a-3p, miR-378a-5p, and
miR-503-5p, according to their expression). All terms with P values < 0.1 are shown.

(Tabela em formato excel encaminhada em arquivo digital anexo a tese).

Supplementary Table 6. Results of functional enrichment analysis for the 4 possibly
dysregulated miRNAs without validation analysis: miR-141-3p, miR-192-5p, miR-
204-5p, hsa-miR-215-5p. All terms with P values < 0.1 are shown. (Tabela em

formato excel encaminhada em arquivo digital anexo a tese).
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List of microRNAs chosen for validation by RT-qPCR

+ miRTarbase 6.1 Search in databases of Query in databases of » TargetScanv7.1
+ starBasev2.0 experimentally validated miRNA- computationally predicted + DianaMicrol-CDS

= Tarbasev7.0 . . P . . = Microcosmvs.0
gene interactions miRNA-gene interactions

l l

[ Union of the results of ] [ Selection of targets predicted by at ]

all queries least two software

l l

“
[ Union of all validated and predicted

miRNA-target gene interactions retrieved

l

[ Functional enrichment analysis of miRNA target genes

Supplementary Figure 1. Bioinformatics approach used to investigate the targets and

pathways of the miRNAs of interest.
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miRNAs target genes

hsa-miR-16-5p
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hsa—miR—2%9a—3p

Supplementary Figure 2. Venn diagram demonstrating target genes shared among the

5 miRNAs chosen for validation by RT-qPCR.
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Supplementary Table 1. Assay reference numbers of the 48 analyzed miRNAs
included in the TagMan Low Density Array cards.

microRNA Assay ID*
hsa-let-7b-5p 002619
hsa-let-7c-5p 000379

hsa-miR-10a-5p 000387
hsa-miR-124-5p 002197
hsa-miR-126-3p 002228
hsa-miR-132-3p 000457
hsa-miR-133a-3p 002246
hsa-miR-141-3p 000463
hsa-miR-144-3p 002676
hsa-miR-146a-5p 000468
hsa-miR-155-5p 002623
hsa-miR-15a-5p 000389

hsa-miR-16-5p 000391

hsa-miR-17-5p 002308
hsa-miR-182-5p 002334
hsa-miR-183-5p 002269
hsa-miR-192-5p 000491
hsa-miR-200a-3p 000502
hsa-miR-200b-3p 002251
hsa-miR-200c-3p 002300
hsa-miR-204-5p 000508
hsa-miR-205-5p 000509
hsa-miR-20b-5p 001014

hsa-miR-21-3p 002438

hsa-miR-21-5p 000397
hsa-miR-210-3p 000512
hsa-miR-211-5p 000514
hsa-miR-215-5p 000518
hsa-miR-216a-5p 002220

hsa-miR-25-3p 000403
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hsa-miR-29a-3p
hsa-miR-29b-3p
hsa-miR-29c-3p
hsa-miR-320a
hsa-miR-338-3p
hsa-miR-377-3p
hsa-miR-378a-5p
hsa-miR-486-5p
hsa-miR-503-5p
hsa-miR-638
hsa-miR-92a-3p
hsa-miR-93-5p
hsa-miR-96-3p
RNU44
RNU48
U6 snRNA
ath-miR-159a

002112
000413
000587
002277
002252
000566
000567
001278
001048
001582
000431
001090
002140
001094
001006
001973
000338

* Assay numbers for the miRNA catalogue of Thermo Fisher Scientific (DE, USA)

from where the assays were acquired. ID = miRNA identity in miRBase v21.0. hsa =

homo sapiens.
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Supplementary Table 2. Receiver operating curves for miR-16-5p, miR-21-3p, miR-29a-3p, and miR-378a-5p expressions in plasma of

T1DM controls and DKD cases.

Comparison MiRNAS AUC (95% CI) Pvalue Cutoff Sensitivity Specificity
Hsa-miR-16-5p 0.732 (0.595 — 0.868) 0.004 0.012 0.586 0.174
DKD cases vs. TLIDM controls Hsa-miR-21-3p 0.643 (0.454 - 0.832) 0.178 0.008 0.762 0.417
Hsa-miR-29a-3p 0.804 (0.677 —0.930)  0.0001 0.143 0.724 0.130
Hsa-miR-378a-5p  0.692 (0.521 — 0.863) 0.046 0.067 0.727 0.562
Hsa-miR-16-5p 0.706 (0.554 — 0.858) 0.027 0.004 0.769 0.179
Severe DKD vs. moderate Hsa-miR-21-3p 0.887 (0.678 —0.999)  0.0001 0.141 0.800 0.870
DKD Hsa-miR-29a-3p 0.680 (0.536 — 0.852) 0.053 0.156 0.769 0.231
Hsa-miR-378a-5p  0.875 (0.715 —0.999) 0.001 0.43 0.900 0.893

AUC = area under the curve; Cl = confidence interval. DKD = diabetic kidney disease; TLDM = type 1 diabetes mellitus.
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Supplementary Table 3. Number of miRNA-target interactions for each miRNA analyzed in the validation sample, both when they were

considered individually or grouped by their expression profile.

MiRNA/Group Interactions from Interactions from Total number of miRNA-
experimental evidences computational prediction target interactions

hsa-miR-16-5p 730 253 983
hsa-miR-21-3p 45 11 56
hsa-miR-29a-3p 416 273 689
hsa-miR-378a-5p 5 29 34
hsa-miR-503-5p 95 31 126
Upregulated miRNAs* 145 71 216

Downregulated miRNAs* 1146 526 1672

* Upregulated miRNAs: hsa-miR-21-3p, hsa-miR-378a-5p, and hsa-miR-503-5p.

* Downregulated miRNAS: hsa-miR-29a-3p and hsa-miR-16-5p.
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CONCLUSOES GERAIS

Os miRNAs tem um papel importante na regulacdo de genes que participam de diversas
vias associadas ao DM1 e suas complicac¢Ges cronicas, com a DRD. De fato, nossa revisao
sistematica demonstrou que 11 miRNAs circulantes sdo diferencialmente expressos entre
pacientes com DM1 e individuos ndo-diabéticos. Entre esses, os miR21-5p, miR-100, miR-
148a, miR-181a, miR-210-5p e miR-375 estavam mais expressos, enquanto que os miR-146a-
5p, miR-150, miR-342 e miR-1275 estavam menos expressos em pacientes com DM1
comparados aos controles. Esses miRNAs participam de vias previamente associadas com a
patologia do DM1, como vias de apoptose, secrecdo da insulina e sistema imune. Essa reviséo
também evidenciou as limitages dos estudos que investigaram a expressdo de miRNAs em
pacientes com DM1, incluindo a falta de padronizacdo da nomenclatura oficial dos miRNAs,
ndo descrevendo qual fita do miRNA foi utilizada (-3p ou -5p), e 0 uso de diferentes
metodologias para quantificacdo da expressdo dos miRNAs, o que faz com que os resultados
ndo possam ser diretamente comparaveis por meta-analise.

No estudo caso-controle, cinco miRNAs foram confirmados como diferencialmente
expressos em pacientes com DM1 de diagndstico recente comparados com pacientes com >5
anos de diagnostico e individuos ndo-diabéticos. MiR-103a-3p, miR-155, miR-200a-3p, miR-
210-5p estavam mais expressos, enquanto que miR-146abp estava menos expresso em
pacientes com DM1 de diagndstico recente. A andlise de bioinforméatica confirmou que esses
miRNAs participam de vias previamente associadas como DM1, como vias de apoptose,
insulina e sistema imunoldgico.

Em relacdo ao estudo que investigou polimorfismos em genes codificantes de miRNAs,

encontramos que a presenca dos alelos mais raros dos polimorfismos rs2910164 no gene miR-
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146a e rs767649 no gene miR-155 foi associada com protecdo ao DM1. Por outro lado o
polimorfismo rs6715345 no gene miR-375 néo foi associado com o0 DM1 na nossa populagéo.

No que se refere a expressdao de miRNAs em pacientes com DRD, a nossa segunda
revisdo sistematica evidenciou que seis miRNAs sdo diferencialmente expressos em pacientes
com DRD comparados aos controles. Entre esses miRNAs, miR-21-5p, miR-29a-3p, miR-126,
miR-214 e miR-342 sdo mais expressos, enquanto que o miR-192 foi descrito como menos
expresso em pacientes com DRD comparado aos controles. Nossa analise de bioinformatica
demonstrou que esses seis MiRNAs participam de vias previamente associadas com DRD,
como PI3K/Akt, longevidade, TGF-B1 e relaxina. Além disso, essa revisdo evidenciou as
limitacOes dos estudos que analisaram a expressdo de miRNAs em pacientes com DRD, como
por exemplo, as diferentes formas de classificagdo dessa complicacdo, visto que alguns estudos
usaram apenas a excrecdo urinaria de albumina, outros apenas a taxa de filtracdo glomerular
estimada e alguns poucos consideraram modificacfes histoldgicas em bidpsia renal para
confirmacdo da DRD. Da mesma forma que os estudos incluidos na revisdo sistematica de
miRNAs e DML1, também se observou a falta de padronizacdo da nomenclatura oficial dos
miRNAS e 0 uso de diversas metologias para quantificagdo da expressdo dos miRNAsS.

No estudo caso-controle, quatro miRNAs foram confirmados como diferencialmente
expressos em pacientes como DM1 e DRD comparados com pacientes sem essa complicacao
(controles DM1). MiR-21-3p e miR-378a-5p estavam mais expressos em pacientes com DRD
comparado aos controles DM1, enquanto que os miR-16-5p e miR-29a-3p estavam menos
expressos em pacientes com DRD. A anélise de bioinformatica confirmou que esses miRNAs
participam de vias previamente associadas com a patogénese da DRD, como TGF-[11, VEGFA,

NF-«xB, PI3K-Akt e FoxO.
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