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RESUMO

ROCHA, F.M.G. Desafios impostos ao dermatofito Trichophyton rubrum pela
sertralina, um farmaco utilizado como antidepressivo. Tese (Doutorado) — Faculdade
de Medicina de Ribeirdo Preto, Universidade de Sao Paulo, Ribeirdo Preto, 2023.

O numero limitado de alvos celulares para os farmacos em uso, e a resisténcia a eles,
dificulta o tratamento das infec¢Bes fungicas. Trichophyton rubrum é responsavel pela
maioria das infecgdes cutaneas denominadas dermatofitoses, que representam um
problema de salde publica crescente. Por isso, a identificacdo de novos compostos com
atividade antifungica se faz necessaria, mas seu desenvolvimento é demorado e caro. O
reposicionamento de farmacos em uso apresenta-se como uma das abordagens de menor
custo para sua implementacdo. Neste contexto, a sertralina (SRT), um antidepressivo,
apresenta-se como candidato para prescricdo como antifingico. Nesse sentido, os efeitos
do farmaco SRT no transcriptoma do dermatéfito T. rubrum foram estudados através do
sequenciamento de RNA (RNA-seq). A SRT revelou a expressao diferencial de genes e
suas isoformas alternativas através do mecanismo de Splicing alternativo (SA) como um
dos efeitos marcantes de sua toxicidade em T. rubrum. Foi prevalente a retencdo de introns
entre os eventos de SA. Os resultados obtidos com a dosagem de ergosterol evidenciaram
que a membrana plasmatica foi prejudicada. SRT também modulou genes que codificam
enzimas relacionadas ao metabolismo energético fungico, desintoxicacdo celular e defesa
contra o estresse oxidativo. A SRT induz ou reprime a retencdo de introns em genes que
codificam para quinases, fatores de transcricdo, transportadores, chaperonas, dentre outros,
relacionados a patogénese e adaptacdo fangica. Desta forma, foi confirmada a atividade
antifungica da SRT contra T. rubrum mostrando potenciais alvos para seu uso estratégico
no tratamento das dermatofitoses.

Palavras chave: RNA-seq; reposicionamento; dermatofitose; sertralina; Trichophyton

rubrum



ABSTRACT

ROCHA, F.M.G. Challenges posed to the dermatophyte Trichophyton rubrum by
sertraline, a drug used as an antidepressant. Tese (Doutorado) — Faculdade de Medicina
de Ribeirdo Preto, Universidade de Séo Paulo, Ribeirdo Preto, 2023.

The limited number of cellular targets for the drugs in use, and the resistance to them,
makes the treatment of fungal infections difficult. Trichophyton rubrum is responsible for
most cutaneous fungal infections called dermatophytoses, representing a growing public
health problem. Therefore, identifying new compounds with antifungal activity is
necessary, but their development is time-consuming and expensive. The repositioning of
drugs in use is one of the lowest-cost approaches for their implementation. Sertraline
(SRT), an antidepressant, is a candidate for prescription as an antifungal. In this sense, we
studied the effects of SRT on the transcriptome of T. rubrum through RNA sequencing
(RNA-seq). The results showed that the fungal cell wall was impaired. SRT revealed the
differential expression of genes and their alternative isoforms through alternative Splicing
(AS) as a hallmark effect of its toxicity in T. rubrum. Intron retention was the prevalent
type of AS event mechanism. The results obtained with the ergosterol dosage showed that
the plasmatic membrane was harmed. SRT also modulated genes encoding enzymes related
to fungal energy metabolism, cellular detoxification, and defense against oxidative stress.
SRT induces or represses intron retention in genes coding for the kinases, transcription
factors, transporters, and chaperones, among others, related to fungal pathogenesis and
adaptation. SRT also modulated genes encoding enzymes related to fungal energy
metabolism, cellular detoxification, and defense against oxidative stress. Thus, the
antifungal activity of SRT against T. rubrum was confirmed, showing potential targets for
its strategic use in treating dermatophytoses.

Keywords: RNA-seq; repositioning; dermatophytosis; sertraline; Trichophyton rubrum
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1. Introdugéo

1.1 O dermatofito Trichophyton rubrum

Trichophyton rubrum é um fungo filamentoso capaz de infectar estruturas
queratinizadas do hospedeiro humano. E o responsavel por quadros clinicos de progresséo
lenta e recalcitrantes. Na maioria das vezes € restrita ao estrato corneo (camada mais
externa da pele), porém, o fungo pode progredir para camadas mais profundas da pele
causando quadros graves em pacientes com algum comprometimento imunoldgico. E o
fungo mais comum em casos de dermatofitoses e sua abrangéncia corresponde a quase
um quarto da populacdo mundial. Devido ao aumento de sua incidéncia e dificuldades na
remissdo clinica completa, as dermatofitoses sdo um grave problema de salde publica
(Martinez-Rossi et al., 2021; Gupta and Venkataraman, 2022).

Durante o processo de infec¢do, T. rubrum deve superar as defesas naturais do
hospedeiro, como por exemplo, o espessamento do estrato corneo, a regeneracao continua
da pele (descamacéo), a composicao de acidos graxos, 0s peptideos antimicrobianos, o
pH moderadamente &cido e a competicdo com a microbiota residente. Este dermatoéfito
utiliza mecanismos que dificultam seu reconhecimento pelas células especializadas do
sistema imunologico do hospedeiro. A resposta efetora das células do sistema imune é
prejudicada com a secrecdo de vesiculas extracelulares, secrecdo de enzimas hidroliticas
e remodelacdo da parede celular. Mecanismos de resisténcia antifingica tém sido
relatados em dermatofitos, incluindo mutagdes pontuais com alteracdo nos sitios-alvo de
enzimas, aumento da atividade mediada por transportadores para efluxo dos farmacos,
aumento da depuracdo do farmaco devido inducdo da expressdo de genes que codificam
para enzimas neutralizantes, formacao de biofilmes e splicing alternativo (SA) (Martinez-

Rossi et al., 2021; Osset-Trénor et al., 2023) (Figura 1).
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Figura 1. Estratégias empregadas por Trichophyton rubrum para superar a toxicidade de
antifungicos. Adaptado (Hokken et al., 2019; Martinez-Rossi et al., 2021).

1.2 Desafios para o tratamento das dermatofitoses

Os antifungicos disponiveis na pratica médica contra dermatofitos sdo poucos.
Atualmente terbinafina € o principal antifingico de escolha para o tratamento das
dermatofitoses. Outros farmacos como o itraconazol, fluconazol e posaconazol também
sdo utilizados. Estes antifingicos possuem mecanismos de acdo intimamente
relacionados, atuando na inibicdo da biossintese do ergosterol (Figura 2). Dados da
literatura relatam a ocorréncia de linhagens resistentes a esses antiflngicos,
principalmente quando sua prescricdo ocorre por longos periodos. Tratamentos
prolongados e descontinuados podem levar a infecgdes recalcitrantes favorecendo a

selecdo de linhagens resistentes (Martinez-Rossi et al., 2021; Osset-Trénor et al., 2023).
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Figura 2. Via de biossintese de ergosterol e antifungicos. Os azoélicos itraconazol e
fluconazol, e a alilamina terbinafina reduzem o contetdo de ergosterol na célula fungica
através da inibicdo de sua sintese (representado em vermelho (X) Fonte: O autor, 2023.

O numero disponivel de antifungicos para uso clinico, a ocorréncia de resisténcia e o
limitado nimero de alvos terapéuticos torna necessaria a busca de novas estratégias para
o tratamento das dermatofitoses. Dentre as alternativas possiveis destaca-se 0
reposicionamento de farmacos e a combinacdo de farmacos com acéo sinérgica como

muito vantajosas.

1.3 Reposicionamento de farmacos

A utilizacdo de um medicamento ja aprovado com propriedades farmacoldgicas
conhecidas que possa ser utilizado como antifingico é extremamente vantajosa. Pelo
reposicionamento é possivel ampliar as opcOes terapéuticas com significativa economia

de tempo e recursos financeiros (Ashburn and Thor, 2004) (Figura 3).
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Figura 3. Resumo das etapas da descoberta de um farmaco e do reposicionamento de
um farmaco em uso na pratica médica. Fonte: Adaptado (Ashburn and Thor, 2004).

Neste contexto, o farmaco sertralina (SRT), um antidepressivo pertencente ao
grupo dos inibidores seletivos da recaptacéo da serotonina (Devane et al., 2002) (Figura
4), apresenta potencial para prescricdo alternativa como antifungico. Além disso, a
inexisténcia de gene homologo que codifica para o transportador de serotonina em fungos,
indica que a acdo inibitéria da SRT seja em diferente alvo celular (Ayaz et al., 2015;
Trevino-Rangel et al., 2019).

O potencial uso da SRT como farmaco antifingico foi observado pela primeira
vez em pacientes submetidas a este antidepressivo para tratamento de transtorno disférico
pré-menstrual. Durante esse tratamento as pacientes apresentaram melhora no quadro de
candidiase vulvovaginal, que recrudesceu apos interrupcéo do uso do farmaco (Lass-Florl
et al., 2001). Relatos posteriores reforcaram a agdo fungicida da SRT em diversos
patdgenos como Candida (Lass-Florl et al., 2003) Aspergillus (Heller et al., 2004) e

Cryptococcus (Zhai et al., 2012).
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Figura 4. Mecanismo de acdo do antidepressivo sertralina em neurdnios humanos. O
neurotransmissor serotonina € sintetizado pelos neurénios e liberado na fenda sinaptica.
Apos periodo de excitagdo o neurotransmissor é recuperado pelo transportador 5-HT
presente na membrana do neurdnio que o sintetizou (A). O farmaco SRT complexa ao
transportador 5-HT impedindo sua absorcéo disponibilizando mais serotonina na fenda
sinaptica (B). Fonte: Autor, 2023.

Nossa hipétese foi que a ampla atividade antiflngica do farmaco SRT pudesse ser
também extrapolada para os dermatéfitos. Sendo um grupo numeroso e disseminado de
fungos com alta capacidade de transmisséo por contato direto e indireto, os dermatéfitos
produzem um impacto significativo sobre a saide humana sendo importantes alvos para
novos tratamentos (Havlickova et al., 2008; White et al., 2014).

Os mecanismos subjacentes responsaveis pela atividade antifingica do farmaco SRT
permanecem desconhecidos. Porém, os resultados positivos obtidos com a inibi¢cdo do
desenvolvimento de fungos patogénicos sustentam o potencial deste antidepressivo no

tratamento de infecgdes flngicas. Os estudos voltados para a compreensdo dos
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mecanismos inibitorios da SRT mostram que sua atividade esta relacionada a multiplos
alvos, o que explica sua atividade antimicrobiana extensa. Sua atividade antifungica em
Saccharomyces cerevisiae foi relacionada a alteracdo da composicdo da membrana
mitocondrial e no transporte mediado por vesiculas (Rainey et al., 2010). Além disso, sua
atividade fungicida contra Cryptococcus foi atribuida a inibicdo da sintese proteica via
interacdo com o fator de iniciacdo da traducdo Tif3 e alteracdo do metabolismo lipidico
(Zhai et al., 2012; Breuer et al., 2022).

Os efeitos inibitorios da SRT também se estendem aos protozoarios como Leishmania
donovani (Palit and Ali, 2008), Leishmania infantum (Lima et al., 2018), e Trypanosoma
cruzi (Ferreira et al., 2018). O modo de acdo da SRT em T. cruzi foi atribuido a alteracédo
da integridade mitocondrial e a diminuicdo dos niveis citoplasmaticos de ATP, causando
disfuncdo mitocondrial e dano irreversivel que pode levar a morte celular por apoptose.
T. rubrum modula a expressdo génica para sua sobrevivéncia na presenca de agentes
antifangicos (Ferreira et al., 2018; Mendes et al., 2018), logo, a avaliacdo em nivel
transcricional de como as vias metabdlicas respondem a STR vai auxiliar no
entendimento de como este farmaco atua e como o fungo se defende, favorecendo seu
possivel uso como uma nova estratégia terapéutica.

A estratégia mais informativa para estudar expressao génica é o Sequenciamento de
RNA (RNA-seq). RNA-seq é vantajoso devido sua abrangéncia que permite ndo somente
a andlise do perfil transcricional e quantificacdo da expressdo génica, mas também a
identificacdo de novos transcritos e isoformas (Wang et al., 2009). Esta técnica foi
utilizada nos estudos com T. rubrum para este fim por nosso grupo, identificando alvos
de farmacos apos exposicdo a acriflavina e ao acido undecandico (Persinoti et al., 2014;
Mendes et al., 2018). Nestes trabalhos revelou-se que genes que codificam para

componentes de parede celular, enzimas de biossintese de ergosterol, transportadores de
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membrana, proteinas ribossomais, processos de oxidacao-reducéo, e genes envolvidos na
patogenicidade foram modulados. Além disso, eventos de SA que ocorreram quando o
fungo foi exposto a estes farmacos foram validados.
1.5 Splicing alternativo em Trichophyton rubrum

O processamento do mMRNA em eucariotos consiste na excisao de sequéncias ndo
codificantes (introns) e juncdo das sequéncias codificantes (exons) para produzir MRNAS
maduros. O mecanismo de SA modifica a sequéncia nucleotidica do prée-mRNA, por
consequéncia altera a composi¢cdo do mRNA maduro. O processamento do pre-mRNA
pode ser realizado pelas mais variadas formas, como a excluséo de éxons, sitios doadores
5" alternativos, sitios receptores 3' alternativos, éxons mutuamente exclusivos e retencédo
de introns. Dentre eles, a retencdo de introns (RI) € 0 mecanismo mais comum em fungos

(Muzafar et al., 2021) (Figura 5).

Pré-mRNA mRNA maduro
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Figura 5. Tipos de Splicing alternativo. Adaptado (Muzafar et al., 2021).
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Por consequéncia, SA pode alterar o repertdrio proteico atraveés de proteinas
diferenciadas de suas formas candnicas. O SA pode atuar também como um mecanismo
celular regulatério por meio de proteinas modificadas ou RNAs ndo codificantes,
alterando as vias de transducdo de sinal, Uteis para homeostase celular. Além disto, pode
ocorrer a localizacao subcelular diferenciada de proteinas oriundas do mesmo prée-mRNA
com funcdes modificadas devido perda ou ganho de dominios (Kretova et al., 2023).

O SA ¢é também substrato para o processo evolutivo através da inovacdo do
repertorio molecular. Se uma nova isoforma alternativa é expressa, mesmo que em niveis
baixos, a pressao de selecdo negativa contra ela é relaxada porque a isoforma ancestral
continua a ser expressa em niveis normais. Em confronto com um novo ambiente, a
isoforma menos expressa pode ter valor adaptativo, podendo ser selecionada e aumentar
sua frequéncia na populacdo (Singh and Ahi, 2022).

O SA é um dos processos mais importantes na regulacéo pos-transcricional. Em
humanos, variantes anormais de SA correspondem a mais da metade das doencas
genéticas (Kretova et al., 2023). Mutagdes pontuais que suprimem os sitios de splicing,
criam um sitio criptico para splicing ou splicings aberrantes afetam vias metabolicas
relacionadas a absorcdo ou metabolismo de quimioterapicos em células cancerigenas.
Ativacao de receptores nucleares, processo de apoptose, variantes de splicing em células
cancerigenas e ausentes em células normais, dentre outros, constituem mecanismos
atuantes para a falha do tratamento contra o cancer (Bradley and Anczukow, 2023).

Em fungos, o SA pode contribuir para diferencas adaptativas ao hospedeiro
através do ganho, perda ou troca de alguns dominios funcionais de proteinas que podem
alterar a funcéo proteica, e ser determinante para sobrevivéncia a estressores ambientais,

patogenicidade, modulacdo da imunidade do hospedeiro, resisténcia aos antifungicos,
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dentre outros mecanismos (Mendes et al., 2016; Muzafar et al., 2020; Martinez-Rossi et
al., 2021; Martins-Santana et al., 2022).

Eventos de SA no transcriptoma do dermatofito T. rubrum apds desafio com
farmacos foram previamente documentados (Persinoti et al., 2014; Gomes et al., 2018;
Mendes et al., 2018; Neves-Da-Rocha et al., 2019; Lopes et al., 2022). Os resultados
obtidos sugerem que as isoformas alternativas sdo atuantes nos mecanismos de resisténcia
e adaptacdo aos farmacos. Ademais, genes que codificam proteases sdo alvos de SA na
presenca de queratina. Foi relatado que o fator de transcricdo StuA e 0s mecanismos
reguladores de SA podem interagir para promover um balanco para a transcricdo destas
proteases (Martins-Santana et al., 2022). Apesar dos mecanismos de SA serem
documentados no dermatofito T. rubrum, o entendimento desse mecanismo ainda precisa

de aprofundamento.
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2. Justificativa

As infeccbes causadas por T. rubrum sdo dificeis de tratar e contribuem
significativamente para um decréscimo na qualidade de vida do paciente. O nimero de
antifngicos atualmente disponiveis para o tratamento das dermatofitoses é relativamente
limitado. Semelhancas significativas compartilhadas entre células de mamiferos e fungos
restringem o uso de possiveis alvos celulares, e associada a ocorréncia de resisténcia a
maultiplas drogas, vem direcionando pesquisas para a avaliacdo do uso alternativo de
compostos terapéuticos comercialmente existentes (Zhai et al., 2012; Martinez-Rossi et
al., 2018). Sabe-se que um nuamero significativo de drogas usadas no tratamento de
condigdes ndo infecciosas, como inflamacéo, depressao e doengas cardiovasculares, exibe
atividade antimicrobiana. Entre eles, a SRT revelou potencial atividade antifingica contra
diferentes organismos patogénicos. Sendo um farmaco ja existente, bem tolerado, e com
evidentes atividades alternativas, incluindo atividade antifingica, o estudo de sua atuacédo
contra dermatdéfitos permitira melhor compreensdo dos mecanismos de acdo e de
adaptacdo fangica ao farmaco. Sua possivel utilizacdo contra dermatéfitos permitird uma
nova opcao terapéutica, além de reduzir gastos e tempo no desenvolvimento de novos
farmacos. Informacgdes sobre 0 modo de acdo da SRT em dermatéfitos pode contribuir
para a implementacdo de uma nova abordagem terapéutica, isoladamente ou em

combinagdo com outros farmacos ja existentes.
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3. Hipotese

O antidepressivo SRT constitui uma estratégia terapéutica contra o dermatéfito T.

rubrum no tratamento de dermatofitoses.
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4. Objetivo e estratégias
4.1 Objetivo

Analisar o transcriptoma do dermatofito T. rubrum em fungéo da exposicdo a SRT

utilizando sequenciamento de RNA (RNA-seq) para avaliar os mecanismos de acdo deste

farmaco bem como os mecanismos de adaptacdo fungica a este desafio.

4.2 Estratégias

Estabelecer o perfil de susceptibilidade antifungica de T. rubrum apds exposi¢do
a SRT.

Tracar o perfil transcricional do dermatéfito T. rubrum apos tratamento com SRT
utilizando a tecnologia do RNA-seq.

Identificar alvos/vias metabdlicas diretamente envolvidas no modo de acdo da
SRT e na adaptacéo fangica.

Analisar e validar a ocorréncia de eventos de SA apds exposicdo a SRT nos
resultados obtidos no RNA-seq.

Realizar testes bioquimicos em funcdo da expressdo diferencial de genes
relacionados a categorias que se julgar importante para o entendimento do modo

de acdo da SRT.
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5. Material e Métodos

5.1 Linhagem e condicdes de crescimento

O isolado de referéncia de Trichophyton rubrum CBS 118892 obtido das
Centraalbureau Voor Schimmelcultures na Holanda, foi cultivado em meio de cultura
agar com extrato de malte (MEA) durante 20 dias a 28 ° C em placas de Petri. O meio de
cultivo foi preparado em frasco reagente de vidro Boro 3.3 com capacidade para 1000ml.
Foi pesada a quantidade de 20g de extrato de malte, 20g de glicose, 1g de peptona, 2%
de agar bacterioldgico (v/v), pH ajustado para 5,7 e 0 volume da solucdo foi completado
para 1L com agua destilada. Seguiu-se com esterilizacdo pelo método de autoclavagem a
120° C com pressdo de latm por 20 minutos.

Apbs o periodo de cultivo em MEA, os micélios foram coletados com auxilio de
espatulas de aco, transferidos para tubo para centrifuga tipo Falcon de 50ml contendo 10
mL de solucdo salina 0,9%. Depois, as amostras foram agitadas vigorosamente por 5
minutos em vortex. Apos periodo de agitacédo, a solucéo foi transferida para um funil com
I& de vidro acoplado a um frasco Erlenmeyer boca estreita de vidro boro 3.3. O filtrado
foi transferido para tubo de centrifuga tipo Falcon de 15ml, centrifugado a 4000 rpm por
10 minutos a 28° C. O sobrenadante foi descartado e ao sedimento celular foram
acrescentados 2 mL de solucdo salina 0,9%. Foi retirada uma aliquota de 50 pL para a
realizacdo das diluicdes de 10 para a contagem dos conidios em camera de Neubauer
em microscopio optico. A concentracao do indculo foi padronizada em aproximadamente

1x108 conidios/mL para todos os experimentos.

5.2 Perfil de susceptibilidade antifangica

5.2.1 Determinacao da concentracdo inibitéria minima (CIM)
Para a determinacdo da CIM da SRT, foi realizado o ensaio de microdiluicdo de

acordo com as diretrizes do documento M38-A (CLSI, 2008) com adaptagdes, em meio
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Sabouraud liquido (SDB). O meio foi preparado em frasco reagente de vidro Boro 3.3
com capacidade para 1000ml. Foi pesada a quantidade de 20g de glicose, 10g de peptona,
pH ajustado para 5,7 e 0 volume da solucao foi completado para 1L com agua destilada.
Seguiu-se com esterilizacao pelo método de autoclavagem a 120° C com pressdo de latm
por 20 minutos. O experimento foi realizado diluindo-se a SRT serialmente com fator de
diluicdo 2 em SDB, as concentracfes testadas variaram de 100 pg/mL a 0,195ug/mL.
Posteriormente, essas concentracGes foram transferidas para placas de 96 pocos, e foram
acrescentados 100 pL da suspensdo de conidios previamente padronizada (subitem 5.1).
O controle de crescimento fungico foi estabelecido acrescentando os conidios ao meio
SDB, sem a presenca da SRT. A CIM foi definida como a menor concentracdo onde ndo

houve crescimento visivel do fungo.

5.2.2 Condicdes de Cultivo para o sequenciamento

O isolado Trichophyton rubrum CBS 118892 foi cultivado em MEA e o inéculo foi
padronizado como descrito no subitem 5.1. Foi transferido 1 mL da suspenséo de conidios
para 100 mL de meio SDB reservado em frascos Erlenmeyer boca estreita de vidro boro
3.3. Os frascos foram mantidos a 28°C sob agitacdo de 120 rpm por 96 horas. Apés esse
periodo, os micélios foram transferidos para novos frascos contendo 100 mL de SDB na
presenca da SRT na concentracdo correspondente a 70% da CIM. Os micélios foram
mantidos a 28°C sob agitacdo de 120 rpm durante 3 ou 12 h. O controle sem SRT foi
realizado nas mesmas condi¢cBes de temperatura e agitacdo. Decorrido o periodo de
incubacdo, os micélios foram coletados por filtracdo a vacuo, congelados em nitrogénio

liquido e armazenados -80 ° C até a realizagdo da extracdo do RNA.

5.3 Extracéo de RNA e sequenciamento
O RNA total foi extraido com o kit de extracdo Illustra RNAspin Mini (GE

Healthcare, EUA) seguindo as recomendacGes do fabricante. Apos a extracdo, com 0
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objetivo de evitar contaminacdo por DNA gendmico, as amostras foram tratadas com
DNAse I livre de RNAse (Invitrogen, EUA), de acordo com as diretrizes do fabricante.
A pureza e concentracdo do RNA foram determinadas usando um espectrofotémetro
NanoDrop ND-1000, e a integridade das amostras foi determinada usando-se Agilent
2100 Bioanalyzer (Agilent Technologies, EUA). RNAs de trés repeticbes bioldgicas, em
cultivos independentes para cada condicdo, foram utilizadas no sequenciamento. As
bibliotecas foram sequenciadas na plataforma Illumina HiSeq 2000 (lllumina, USA),
usando a metodologia de enriquecimento por PCR para gerar bibliotecas pareadas com

fragmentos de 150 bp.

5.4 Anélise dos dados
Os dados obtidos do sequenciamento foram analisados inicialmente quanto a sua
qualidade empregando o software FastQC e cortados usando Trimmomatic (Bolger et al.,
2014) para remover o0s adaptadores e sequencias especificas necessarias ao
sequenciamento. As sequéncias de boa qualidade de cada amostra foram alinhadas ao

genoma de referéncia de T. rubrum (ftp:/ftp.broadinstitute.org/pub/annotation/fungi)

usando o alinhador STAR (Dobin et al., 2013). Foram geradas contagens de leitura em
nivel de gene por STAR usando a op¢do quantModeGeneCounts. A cobertura média dos
transcritos e alinhamentos foram inspecionados pelo software Interative genomics viewir
(IGV) (Robinson et al., 2011; Thorvaldsdottir et al., 2012). A expressdo diferencial foi
analisada usando o pacote DESeq2 Bioconductor. A correcdo de Benjamini-Hochberg foi
aplicada (p < 0,05) (Benjamini and Hochberg, 1995), e o limite de corte de = 1,5 Log2
foi definido para revelar diferencas de expressdo estatisticamente significativas (genes
que ultrapassam esses limites sdo referidos como genes diferencialmente expressos
(DEs))(Persinoti et al., 2014). Seguiu-se com a categorizagéo funcional usando os termos

Gene Ontology (GO) atribuidos pelo algoritmo Blast2GO. As categorias altamente
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representadas foram determinadas por analise de enriquecimento usando o algoritmo
BayGO (Véncio et al., 2006).

Para identificar as vias metabdlicas, nos quais 0s genes modulados em resposta a
SRT poderiam estar envolvidos, foi realizada analise com Kegg Orthology utilizando-se
0 KAAS (Kegg Automatic Annotation Server), para esta analise o organismo modelo de

referéncia foi Trichophyton verrucosum (Kanehisa et al., 2016).

5.5 Validacéo por RT-gPCR

A expressdo diferencial dos genes foi validada por RT-qgPCR com o sistema
StepOnePlus Real time PCR (Applied Biosystems, EUA). Para isto, foi realizado um
cultivo nas mesmas condicdes descritas no subitem 5.2.2. O RNA total foi extraido com
0 reagente Trizol (Sigma Aldrich). Para remover qualquer contaminacdo de DNA
gendmico, apos a extracao, 1 uL do RNA total foi utilizado para o tratamento com DNAse
1 Amplification Grade ® (Sigma Aldrich), seguindo as recomendacdes do fabricante.
Para certificacdo de que todo DNA gendmico foi digerido pela enzima, foi realizada uma
Reacdo em cadeia da polimerase (PCR) utilizando oligonucleotideos flanqueando o gene
da B-tubulina (Fwd: CCGTATGATGGCCACTTTCT; Rev:
AAGATGGCAGAGCAGGTAAGGT). Os produtos gerados na reacdo foram
observados em gel de agarose 2%. Quando constatado que nenhuma amplificacdo ocorreu
nas amostras, seguiu-se para a sintese de cDNA. Para isto, foi utilizando o kit Transcricao
Reversa ® de cDNA de alta capacidade (Applied Biosystems) seguindo as instrucdes do
fabricante. Apos a sintese de cCDNA, para verificar que a sintese foi satisfatoria, bem como
a integridade das amostras, uma PCR foi realizada como descrito anteriormente. Apos a
verificacdo, seguiu-se para a reacdo de RT- gPCR (Rocha et al., 2022).

Para a validacdo dos dados obtidos no RNA-seq 13 genes foram selecionados

aleatoriamente com o objetivo de retirar qualquer vies no processo de confirmacao. Os
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iniciadores foram construidos utilizando 0 software primer3

(https://primer3plus.com/cqgi-bin/dev/primer3plus.cgi) (Tabela 1). A reacdo foi

padronizada pela realizacdo do ensaio de curva padrdo. A expressao diferencial entre os
tratamentos foi avaliada com base na quantificacdo relativa de genes responsivos. Os
ensaios foram normalizados utilizando-se os genes DNA-dependent RNA polimerase e
glyceraldehyde 3-phosphate dehydrogenase como controles enddgenos (Jacob et al.,
2012). Dados da expressdo génica foram analisados estatisticamente por test t com post
test de Tukey utilizando o software GraphPad Prism v. 5.1 (GraphPad Software, USA).
O nivel de significancia de 95% foi considerado para que as medidas fossem

estatisticamente diferentes (p< 0,05). A correlacdo dos dados obtidos no RT- gPCR e no

RNA-seq foi analisada aplicando-se a correlacdo de Pearson.

Tabela 1. Lista dos oligonucleotideos utilizados nos ensaios de RT-gPCR.

ID Nome do produto do gene Primers (5’ - 3%) E;"E:;:)C'
TERG 05742 DNA-dependent RNA FW: TGCAGGAGCTGGTGGAAGA 94.99
- polymerase 11 RPB140 REV:GCTGGGAGGTACTGTTTGATCAA
glyceraldehyde 3-phosphate FW: GCGTGACCCAGCCAACA 99.90
TERG_04402 dehydrogenase REV:CGGTGGACTCGACGATGTAGT ’
TERG 11735 microtubule associated FW: GGGCCAAAGAAACAACAACA 98.2
- protein (T. tonsurans) REV: CGCTCGGCATATTACCCTAA '
, FW: CTTGACGGATGGAAAAAGGA 101,6
TERG_07544  lipase (T. tonsurans) REV: CACCGTTATTTGGATCAGCA
pachytene checkpoint FW: ATGGGGAGATGCAGTTATGG
TERG 06673  component Pch2 (T. REV: ACAACGCTCACTTGTGCAAC 102,8
tonsurans)
TERG 01762 sulfite reductase (NADPH) FW: ACGTGGATTCTGGGAAACAG 953
- hemoprotein. beta-component REV: AGGCCGAAAACGGAATACTT
lysophospholipase (T. FW: CAACGCGGACAATGTCTCTA 104
TERG_05522 o jinum) REV:CTCCATTCATCAAAGCACGA 040
TERG 11924 ankyrin repeat protein (T. FW: GACCGGAAAGGTGGATGTTA 100.0
- tonsurans) REV: CTCGTGTCGATAGCTTGCAG '
: : FW: ATCCGGTTCACAGACCAAAC 102,0
TERG_06548  hypothetical protein REV- GCTGGATTGAAAGGAGGACA
Lo FW: AGACAGCTGGCTTGCAAAAT 98,9
TERG_03936 CAMK protein kinase REV: TGAAACAGTCGTTTGGGACA
TERG 06540 glutathione transferase (T. FW: AGGGATTGAACAAAGCCAGA 102.0
- tonsurans) REV: AGGACCAATCTCATCCATCG '
TERG 07570 G-protein signaling regulator. ~ FW: TGGCATCAAGCACAAACTGT 103.0

putative (T. verrucosum)

REV:CTTTTTGGGCTTTGGACTTG
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multidrug resistance FW: CTCCTACCACCCCATTGCTA 100.0
TERG_07539 otein (T. tonsurans) REV: CTCAAGGCCGATAAGGAACA ’

T FW: TGGTGTTGACACCGGTATTG 102,0
TERG_03815  subtilisin-like protease 3 REV: GTTGCCATCAGTGTTGTCGT

5.6 Dosagem do contetdo de Ergosterol total

A cepa de T. rubrum CBS118892 foi cultivada em agar Sabouraud dextrose (SDA)
por 17 dias a 28 °C. Os micélios obtidos foram transferidos para 50 mL de SDB e
cultivados por 24 h a 28 -C com agitacao (200 rpm). Apos esse periodo, o micélio foi
recuperado, inoculado em 20 mL de SDB contendo uma concentracdo subinibitoria da
SRT (6,25 pg/mL), cetoconazol (KTC, 4 pg/mL; Sigma-Aldrich), ou anfotericina B
(AMB, 1,25 pg/mL; Sigma-Aldrich), e incubados por 48 h a 28 °C, 200 rpm. Micélios
também foram inoculados em SDB sem farmacos (controle). Os micélios resultantes
foram filtrados, retirado o excesso de agua e pesados. O contetdo de ergosterol total foi
determinado. Resumidamente, 3 mL de solucgéo alcoodlica de hidroxido de potassio a 25%
foram adicionados aos micélios secos e misturados em vortex por 5 min. As amostras
foram incubadas a 85 °C por 1 h. Os tubos foram resfriados a temperatura ambiente e 1
mL de agua destilada e 3 mL de n-heptano foram adicionados, seguido de agitacao
vigorosa em vortice para 5 min. A camada de heptano foi transferida para um tubo de
poliestireno limpo, e uma aliquota de 20 pL foi diluida cinco vezes em etanol 100% e lida
em um espectrofotdmetro entre 230 e 300 nm (Arthington-Skaggs et al., 1999). A reducéo
no teor de ergosterol foi calculada como a diferenca nos tratamentos comparados as
amostras de controle. Os resultados foram expressos como uma porcentagem do contetido
de ergosterol nos micélios desafiados com os farmacos em comparagdo com o controle
de crescimento. O teste ANOVA one-way foi usado para determinar a quantidade de
ergosterol no controle comparado aos tratamentos, seguido do teste post-hoc de Tukey. O

nivel de significancia de 95% foi considerado para que as medidas fossem
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estatisticamente diferentes (p< 0,05). O software Prism v. 5.1 foi utilizado para gerar 0s

gréficos e realizar as analises estatisticas.

5.7 Analise dos eventos de SA

Os eventos de splicing alternativo (SA) foram mapeados como descrito anteriormente
(Martins-Santana et al., 2022). Os eventos foram analisados em R com o pacote ASpli
(Mancini et al.,, 2021). Resumidamente, as leituras provenientes da analise do
sequenciamento de RNA foram mapeadas com o genoma de referéncia de T. rubrum
usando o alinhador de sequéncias STAR (Dobin et al., 2013). As leituras alinhadas ao
genoma de referéncia foram processadas usando o pacote ASpli para identificar eventos
de SA. A analise de expressdo diferencial foi realizada usando o pacote DESeq2
Bioconductor (Love et al., 2014). O valor de p ajustado por Benjamini-Hochberg foi
definido como 0,05, e um corte de +1,5 Log2 foi aplicado para identificar os niveis de
expressao génica significativamente modulados entre a abundancia de transcritos
(Martins et al., 2020; Bitencourt et al., 2021; Martins-Santana et al., 2022). Os transcritos
que apresentaram valor ajustado de p menor que 0,05 foram identificados como
diferencialmente expressos (TDES) (Sieber et al., 2018).

Para a validacdo dos eventos de SA foi selecionado o0 gene TERG_07061, que codifica
uma CMGC/SRPK protein kinase e que apresentou retencdo do intron 3 nos ensaios de
RNA-seq. Inicialmente, os iniciadores foram desenhados flanqueando a regido intrénica
para os ensaios de RT-PCR (Tabela 2). Foi realizada a verificacdo da temperatura étima
de anelamento dos oligos para certificagdo de bandas correspondentes aos eventos de
retencdo. Para isso, o intervalo de temperatura variando de 50 a 60 °C foi testado. Apds o
estabelecimento dos parametros de ciclagem, ambos os tempos de exposi¢do a SRT foram
testados, além de seus respectivos controles na auséncia do antidepressivo. Os produtos

de PCR e todos os ensaios foram visualizados em gel de agarose 2% com preparo
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seguindo as instrucdes do fabricante. A expressao diferencial dos transcritos foi avaliada
por RT-gPCR conforme descrito anteriormente no item 5.5. Os iniciadores utilizados nos
ensaios foram projetados dentro de regides especificas dos transcritos gerados com e sem
a retencdo do intron 3, respectivamente (Figura 6), e suas sequéncias encontram-se na

Tabela 2.

Tabela 2. Lista dos oligonucleotideos utilizados nos ensaios de RT-PCR e RT-gPCR para
validacgdo da retencdo do intron 3 no gene que codifica uma CMGC/SRPK protein kinase
em Trichophyton rubrum.

ID Primers (5’ - 3°)

FW: CTTCGGAGAGGCAAGAATTG
REV: CATACGCCTGACCATCCTCT
FW: TTACAGCCTGGGACTTGC
REV: GAACCGCATCATACGCCTGA
FW: CCTTTCATCGCTATACTGGT
REV: GAACCGCATCATACGCCTGA

RT-PCR
Transcrito sem retengao

Transcrito com retencao

Pré-mENA
E-1 I-1 E-2 I-1 E3 I3 E-4
— e -

Isoforma sem retencao

) =

cDNA

Isoforma com retencio

DNA » €

Figura 6. Regides de anelamento dos oligonucloeotideos utilizados nos ensaios de RT-
gPCR. Splicing sem retencdo foram avaliados através de iniciadores complementares as
regides de jungdo E-3/E-4, enquanto que splicing com retencéo do intron 3 os iniciadores
eram complementares as regides de juncao I-3/ E-4. Setas vermelhas indicam regides
complementares aos iniciadores. E-1: Exon 1; I-1: intron 1; E-2: Exon 2; I-2: intron 2; E-
3: Exon 3: 1-3: intron.
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5.8 Caracterizacao in silico da retencao de intron

Inicialmente a sequéncia do gene TERG_07061 foi identificada utilizando o banco de
dados EnsemblFungi seguindo as coordenadas de localizacdo para o intron retido
(Start:209028 —End: 209083). Primeiro, os quadros de leitura aberta foram preditos com
a utilizacdo da ferramenta Expasy - Translate tool. Depois, uma anélise funcional foi
realizada utilizando a base de dados InterPro com a busca por dominios de assinatura

para as sequéncias.
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6. Resultados

6.1 Perfil transcricional de Trichophyton rubrum desafiado pela SRT

O RNA-seq foi utilizado para analisar de forma abrangente os genes do dermatofito

T. rubrum modulados em resposta ao antidepressivo SRT. O fungo foi desafiado em 3h e

12h de exposicdo com a concentracdo do farmaco SRT correspondente a 70% da

concentracdo inibitéria minima, ou seja, a menor concentracdo da SRT que inibe

visivelmente o crescimento de T.rubrum. Aproximadamente 535,5 milhdes de leituras de

alta qualidade de sequéncias paired-end de 150 pb foram obtidas (Tabela 3). As

correlacdes entre as réplicas em cada ponto de tempo foram fortemente positivas,

variaram de 0,96 a 0,99 (Tabela 4).

Tabela 3. Caracteristicas gerais de leituras de RNA-seq mapeadas para 0 genoma de
referéncia de Trichophyton rubrum.

Amostra Dados Leituras de alta Leituras Total de
brutos qualidade mapeadas leituras
mapeadas (%)
TRSAB 3 horas I 49,001,399 46,661,059 45,099,456 96,65
TRSAB 3 horas II 53,711,149 50,929,711 48,747,310 95,71
TRSAB 3 horas III 54,065,522 51,244,460 48,776,743 95,18
TRSAB 12 horas I 49,723,884 47,231,185 45,011,034 95,30
TRSAB 12 horas II 48,820,202 46,313,505 38,542,411 83,22
TRSAB 12 horas III 49,378,560 46,733,086 38,063,153 81,45
TRSAB Str 3 horas 1 44,238,209 41,936,258 40,012,345 95,41
TRSAB Str 3 horas 11 46,989,637 44,653,620 41,137,174 92,13
TRSAB Str 3 horas I1I 46,798,013 44,244,584 42,078,809 95,10
TRSAB Str 12 horas | 42,267,590 40,220,692 38,407,036 95,49
TRSAB Str 12 horas 11 43,358,547 41,011,155 38,955,931 94,99
TRSAB Str 12 horas III 36,247,455 34,371,291 32,688,609 95,10

Tabela 4. Similaridade entre as réplicas bioldgicas submetidas ao sequenciamento.

Amostras lvs. 1l lvs. 11 1 vs. I
TRSAB 3 horas 0,97 0,97
TRSAB 12 horas 0,98 0,99
TRSAB Str 3 horas 0,98 0,99
TRSAB Str 12 horas 0,99 0,99
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Em resposta a exposicdo ao farmaco SRT, foram quantificados 169 e 1197 genes
que foram modulados em 3 e 12 h, respectivamente, quando comparados aos niveis de
expressao do controle. Trezentos e setenta e dois genes foram modulados em ambos 0s
momentos, totalizando 1738 genes que responderam ao farmaco SRT (Figura 7A). Dos
genes modulados apés 3h de tratamento com SRT, a maior parte é regulado
positivamente. Este perfil se inverte em 12 h de exposi¢do a SRT. No entanto, 0 nUmero
de genes que sdo modulados (positiva ou negativamente) neste tempo é cerca de 3 vezes

maior que em 3h (Figura 7B).

A

3 horas 12 horas

169 372 1197

B

Exposicao Total de genes  Induzidos Reprimidos
3 horas 541 452 89
12 horas 1569 768 801

Figura 7. Expressdo génica diferencial induzida pelo antidepressivo sertralina. (A)
Diagrama de Venn representando a expressao diferencial dependente do tempo de 1.738
genes apds exposicdo a doses subletais da SRT por 3 h e 12 h, em comparagdo com a
amostra controle (auséncia da SRT). (B) Total de genes induzidos e reprimidos em cada
periodo de exposicdo ao farmaco SRT.
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Os genes que apresentaram os niveis mais significativos de modulagéo positiva

ou negativa em resposta a SRT, no RNA-seq, estdo na Tabela 5.

Tabela 5. Genes de Trichophyton rubrum com maior modulagdo em sua expressdo apés
a exposicdo ao antidepressivo sertralina.

Log?2 (Fold change)
ID Produto do gene 3h 12h

TERG_06548 hypothetical protein 10,86 11,80
TERG_00785 endoplasmic reticulum vesicle protein 25 8,60
TERG_01782 hypothetical protein 8,34 9,02
TERG_00010 amidase family protein (T. verrucosum) 8,72
TERG_03829 FAD binding domain-containing protein (T. equinum) 6,92
TERG_04952 Multidrug resistance protein (T. equinum) 6,87 7,69
TERG_08954 hypothetical protein 6,61
TERG_06106 sulfate permease 2 (T. tonsurans) 6,45
TERG_08751 ABC multidrug transporter, putative (A. benhamiae) 582 6,33
TERG_01543 s-adenosylmethionine (SAM)-dependent methyl transferase (M. gypseum) 5,42 7,48
TERG_08041 aminotransferase, putative (A. benhamiae) 5,42
TERG_04937 alpha/beta hydrolase (T. equinum) 541 6,40
TERG_07830 hypothetical protein 541 8,22
TERG_02653 hypothetical protein -6,21
TERG_02652 O-methyltransferase, putative (T. verrucosum) -4,91
TERG_04066 filamentation protein (Rhfl), putative (T. verrucosum) -4,67
TERG_02959 hypothetical protein -4,16
TERG_05816 hypothetical protein -3,74
TERG_02650 NmrA family protein (T. equinum) -3,56
TERG_12339 hypothetical protein -3,31
TERG_01619 toxin biosynthesis protein (Tri7), putative (T. verrucosum) -3,20
TERG_00490 erythromycin esterase (T. tonsurans) -3,13 524
TERG_03826 hypothetical protein -2,77
TERG_02959 hypothetical protein -5,90
TERG_11536 hypothetical protein -5,69
TERG_11771 hypothetical protein -5,51
TERG_04742 hypothetical protein -5,29
TERG_01148 hypothetical protein -5,26
TERG_03919 phytoene dehydrogenase (T. equinum) -5,20
TERG_01599 hypothetical protein -4,95
TERG_12035 NB-ARC and TPR domain protein (A. benhamiae) -4,87
TERG_11963 hypothetical protein -4,79

A categorizagéo funcional dos genes modulados revelou genes relacionados aos
mecanismos moleculares pelos quais T. rubrum detecta e responde a SRT (Figura 8).
Anélise de fungdo génica foi enriquecida principalmente nos termos de fun¢do molecular

apos 3 h de tratamento. Atividade catalitica, atividade hidrolase, e ligacéo a ions metalicos
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foram induzidas, enquanto que genes codificantes para produtos relacionados a atividade

transferase e metiltransferase foram reprimidos. Dos cerca de 70 genes com atividade

oxidorredutase que foram modulados apds 3 h de exposicdo a SRT cerca de 55 foram

induzidos (Figura 8A). Os genes associados a componentes da membrana celular

regulados positivamente aumentaram em 12 h em comparacéo tratamento de 3h. Os genes

relacionados a traducdo que foram modulados mostraram-se todos inibidos em 12h. O

numero de genes associados a atividade hidrolase e ao transporte transmembrana

aumentou em 12h comparado a condi¢do de 3 h, permanecendo induzido em resposta a

exposicao a SRT (Figura 8B).
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Figura 8. Categorizagdo funcional baseada na ontologia dos genes diferencialmente
expressos. As barras vermelhas e verdes indicam o nimero de genes induzidos e
reprimidos em resposta ao farmaco SRT (p < 0,05). Os resultados mostram 0s genes apos

46



3 h (A) e 12 h (B) de exposicdo ao antidepressivo em comparagdo com o controle sem
SRT.

6.2 Confirmacéo da expressao diferencial por RT-gPCR

Para validar os resultados do RNA-seq, selecionamos 13 genes diferencialmente
expressos relacionados a processos como atividade catalitica, atividade de transferase e
transporte transmembrana para submete-los ao RT-gPCR (Figura 9). Os dados das
réplicas bioldgicas revelam a confiabilidade dos resultados (correlagdo de Pearson, r >

0,92, p <0,001) (Tabela 6).
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Figura 9. Validacdo dos dados de RNA-seq por RT-gPCR. Um total de 13 genes
diferencialmente expressos em resposta a exposi¢do ao farmaco SRT foram analisados.
Gréaficos plotados de acordo com fold change de Log2 em cada periodo de tempo

47



representa mudancgas no nivel de expressao de cada gene em relagdo ao controle sem SRT.
Os asteriscos indicam a significancia estatistica determinada pelo teste t sequido pelo teste
post-hoc de Tukey (* p <0,05; ** p <0,01; *** p <0,001). A identificacdo dos genes se
encontra na Tabela 6.

Tabela 6. Comparacgdo dos niveis de expressao génica avaliados por RNA-seq e RT-
gPCR.

ID Condicao Produto do gene RNA-seq gRT-PCR
TERG_11735  3h  microtubule-associated protein (T. tonsurans) -2,4 -1,41
TERG_07544  3h lipase (T. tonsurans) 2,02 1,13
TERG_06673 3h  pachytene checkpoint component Pch2 (T. 2.0 0,70

tonsurans)
TERG 01762 3h  sulfitereductase (NADPH) hemoprot. beta- 214 1,99

- component
TERG 05522  3h  lysophospholipase (T. equinum) 1,55 0,97
TERG_11924 12h  ankyrin repeat protein (T. tonsurans) 3,85 1,06
TERG_06548 12h hypothetical protein 11,8 8,63
TERG 03936 12h CAMK protein kinase -4.19 -0,09
TERG_06540 12h glutathione transferase (T. tonsurans) -3,44 -0,07
TERG 07570 12h  G-prot. signaling regulator putative (T. 347 0,70

- verrucosum)

TERG 04234 12h  hydrophobin. putative (T. verrucosum) -3,41 -1,98
TERG_07539 12h  multidrug resistance protein (T. tonsurans) -1,72 -1,61
TERG 03815 12h subtilisin-like protease 3 1,78 1,46

6.3 SRT interfere na sinalizacéo de T. rubrum

Genes que codificam para proteinas quinases e fatores de transcricdo sdo
enriquecidos no genoma de dermatofitos antropofilicos (Martinez et al., 2012), sugerindo
que a modulacdo das vias de sinalizacdo e a regulacdo transcricional sdo importantes na
especificidade ao hospedeiro. O quinoma de T. rubrum (membros da superfamilia da
proteina quinase) compreende 170 genes codificantes (Martinez et al., 2012). No presente
trabalho, 81 quinases foram moduladas (Tabela 7), codificando principalmente para
proteinas quinases serina/treonina e quinases pertencentes ao grupo CMGC (quinases
dependentes de ciclina (CDKs)). Entre os 15 genes de serina/treonina-proteina quinase
modulados, apenas TERG_07509 foi reprimido apds 12 h de tratamento. Entre os oito
genes que codificam quinases do tipo CMGC moduladas ap6s exposi¢cdo a SRT,
TERG_12259 (proteina CMGC/CLK quinase), TERG_05893 (proteina quinase CMGC)

e TERG_07061 (proteina CMGC/SRPK quinase) foram reprimidos.
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A maioria dos fatores de transcricdo modulados pela SRT codifica proteinas

contendo dominio dedo de zinco e sao preferencialmente reprimidos, principalmente apés

12 h de exposicao (incluindo TERG_02532, TERG_01042 e TERG_05497 (Tabela 8).

Tabela 7. Genes que codificam para proteinas quinase no genoma de Trichophyton

rubrum modulados em resposta ao farmaco Sertralina.

ID Produto do gene 3h 12 h
TERG_00199 serine/threonine protein kinase 2,32 2,61
TERG_00620 NAD+ kinase Utrl (T. equinum) 0,74 2,30
TERG_00689 AUR protein kinase -1,16 -3,75
TERG_00694 glutamate 5-kinase -1,77 -3,65
TERG_00783 guanine nucleotide-binding protein subunit beta-like protein -1,03 -2,40
TERG_00875 glutamate-cysteine ligase 1,76 0,73
TERG_00962 protein kinase subdomain-containing protein (T. tonsurans) -0,94 -1,91
TERG_01105 serine/threonine protein kinase (T. tonsurans) 1,24 1,60
TERG_01322 NEK protein kinase (T. tonsurans) -1,45 -2.98
TERG_01761 hypothetical protein -0,98 -1,54
TERG_01822 serine/threonine protein kinase 0,62 2,21
TERG_01856 CMGC/SRPK protein kinase 0,74 1,62
TERG_01919 serine/threonine protein kinase 1,92 2,96
TERG_01925 hypothetical protein 1,77 3,53
TERG_01996 serine/threonine protein kinase 0,90 1,60
TERG_02018 hypothetical protein 1,27 2,02
TERG_02211 serine/threonine protein kinase (T. tonsurans) 0,78 1,88
TERG_02263 hypothetical protein -0,09 -2,16
TERG_02655 hypothetical protein 2,48 0,91
TERG_02759 hexokinase XprF (T. equinum) -0,65 -1,98
TERG_03182 serine/threonine protein kinase (T. equinum) 0,92 1,65
TERG_03229 hexokinase (T.tonsurans) 1,92 1,65
TERG_03415 serine/threonine protein kinase 1,02 2,33
TERG_03628 serine/threonine protein kinase (T. tonsurans) 0,99 2,30
TERG_03684 stress activated MAP kinase interacting protein (T. equinum) 1,08 1,82
TERG_03871 phosphotransferase (M. canis) 1,60 0,08
TERG_03892 CAMK/CAMKL protein kinase (T. tonsurans) 1,78 1.62
TERG_03936 CAMK protein kinase -1,13 -4,19
TERG_04036 adenosine kinase (T.tonsurans) -1,31 -2,34
TERG_04103 hypothetical protein 0,62 1,63
TERG_04210 CAMKK/CAMKK-META protein kinase 0,81 1,57
TERG_04374 STE/STE20/YSK protein kinase -1,34 -3,18
TERG_04385 serine/threonine protein kinase (T. tonsurans) 0,87 1,74
TERG_04429 MORN repeat-containing protein (T. equinum) 0,79 1,84
TERG_04447 protein kinase subdomain-containing protein (T. equinum) 1,54 1,34
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TERG_04448
TERG_04558
TERG_04941
TERG_05098
TERG_05251
TERG_05544
TERG_05552
TERG_05553
TERG_05615
TERG_05813
TERG_05893
TERG_05948
TERG_06366
TERG_06403
TERG_06407
TERG_06539
TERG_06761
TERG_06765
TERG_06836
TERG_06969
TERG_07012
TERG_07061
TERG_07134
TERG_07273
TERG_07509
TERG_07547
TERG_07616
TERG_07639
TERG_07782
TERG_07921
TERG_08066
TERG_08278
TERG_08368
TERG_08538
TERG_08539
TERG_08568
TERG_08794
TERG_11505
TERG_11506
TERG_11690
TERG_11800
TERG_11801
TERG_12033
TERG_12071
TERG_12259
TERG_12322

CMGC/DYRK protein kinase (M. gypseum)

nucleoside diphosphate kinase

mitochondrial pyruvate dehydrogenase kinase (T. tonsurans)
arginine metabolism regulation protein iii (T. verrucosum)
phosphoglycerate kinase

plk/plk-unclassified protein kinase (T. tonsurans)

DNA mismatch repair protein MutL (T. tonsurans)
integral membrane protein (T. equinum)

hsp70-like protein (T. equinum)
1-phosphatidylinositol-3-phosphate 5-kinase (T. equinum)
CMGGC protein kinase (T. tonsurans)

protein kinase subdomain-containing protein (T. equinum)
CAMK protein kinase

HASPIN protein kinase

protein kinase subdomain-containing protein (M. canis)
fructosamine-3-kinase (T. equinum)

CAMK protein kinase (T.tonsurans)

ULK/ULK protein kinase

CAMK/CAMK1/CAMK1-RCK protein kinase
CMGC/CDK/CDKS5 protein kinase

rRNA 2'-O-methyltransferase fibrillarin

CMGC/SRPK protein kinase

serine/threonine protein kinase

glycerol kinase (T. equinum)

serine/threonine protein kinase (M. canis)

RGS domain-containing protein (T. tonsurans)
diphosphomevalonate decarboxylase
atypical/ABC1/ABC1-B protein kinase (T. tonsurans)
GA-binding protein beta chain (M. gypseum)
adenylylsulfate kinase

STE/STEY protein kinase

serine/threonine protein kinase (T. tonsurans)

TTK protein kinase

Diacylglycerol kinase domain-containing protein (T. equinum)
Diacylglycerol kinase domain-containing protein (T. equinum)
CMGC/SRPK protein kinase

pyruvate dehydrogenase kinase (T. equinum)
phosphoenolpyruvate carboxykinase [ATP]
phosphoenolpyruvate carboxykinase [ATP]

protein kinase subdomain-containing protein (T. tonsurans)
serine/threonine protein kinase (T. equinum)
serine/threonine protein kinase (T. equinum)
atypical/RIO/RIO1 protein kinase (T. tonsurans)
AGC/DMPK protein kinase (T. equinum)

CMGC/CLK protein kinase (T.equinum)

CMGC/SRPK protein kinase (M. gypseum)

1,97
-1,57
0,95
0,35
-0,91
-1,08
1,14
0,33
0,92
0,26
-0,46
-0,15
0,72
1,12
2,11
-1,32
1,53
0,39
0,60
1,34
-1,20
-0,97
2,05
0,91
-0,76
-1,03
-1,33
-1,28
2,19
1,24
0,59
0,71
-0,88
0,77
2.51
1,75
0,16
-0,06
0,08
-1,35
1,74
2,06
0,77
-1,70
-0,62
2,05

0,06
-2,48
2,08
1,74
-2,28
-2,36
1,53
1,90
-2,55
1,55
-2,37
-1,68
-1,54
-2,97
1,95
-1,90
1,31
1,58
1,56
2,17
-1,97
-1,61
2,67
2,29
-2,09
-1,73
-1,68
-2,65
0,56
2,18
1,57
2,19
-1,69
2,06
4.42
2,47
-1,94
-3,77
-3,27
-1,86
1,19
1,70
-2,49
0,94
-2,00
1,96
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(*) Valores em log2 FC. Em vermelho valores iguais ou acima de 1,50. Em verde valores iguais
ou abaixo de -1,50.

Tabela 8. Fatores de transcri¢do de Trichophyton rubrum modulados em resposta a
exposicao ao farmaco sertralina.

ID Produto do gene 3h 12h
TERG_00218 C2H2 transcription factor (Swib), putative (A. benhamiae) -0,97 -3,97
TERG_01042 C6 transcription factor, putative (T. verrucosum) 2,14 2091
TERG_01310 nascent polypeptide-associated complex subunit beta -0,80 -1,69
TERG_02061 C2H2 transcription factor (Acel), putative (T. verrucosum) 1,20 1,89
TERG_02532 C6 transcription factor, putative (T. verrucosum) 2,72 4,90
TERG_02843 C6 transcription factor (T.equinum) -0,73 1,62
TERG_02955 CP2 transcription factor, putative (A. benhamiae) -0,56 -1,53
TERG_03333 transcription factor RfeD, putative (A. benhamiae) 1,72 2,26
TERG_03619 transcription factor Tos4 (T. equinum) -1,44  -2.27
TERG_03861 C2H2 transcription factor (T.tonsurans) 0,96 2,03
TERG_04089 RfxA protein (T.equinum) -1,03  -2,32
TERG_04600 fungal specific transc. factor domain-cont. prot. (T. equinum) 1,34 2,96
TERG_05021 C6 transcription factor, putative (A. benhamiae) -0,31 -1,88
TERG_05032 C6 transcription factor (T.equinum) 1,32 2,36
TERG_06802 hypothetical protein 1,49 1,79
TERG_06815 bZIP transcription factor (T. tonsurans) -092 -211
TERG_06884 C6 transcription factor (Warl), putative (T. verrucosum) 0,95 154
TERG_07077 C6 transcription factor (T. equinum) 1,14 1,70
TERG_07493 Zinc knuckle transcription factor (CnjB) (T. tonsurans) -1,49 221
TERG_08262 C6 transcription factor, putative (A. benhamiae) 0,63 2,06
TERG_08825 bZIP transcription factor JIoDA/IDI-4 (T. verrucosum) 158 1,93
TERG_11817 Transc. initiat. factor TFIID sub. 7, putative (T. verrucosum) 1,41 291
TERG_11920 Vesic. med. transp. prot. Bfr2/Che-1, putative (T.verrucosum) -168 3,68

(*) Valores em log2 FC. Em vermelho valores iguais ou acima de 1,50. Em verde valores iguais
ou abaixo de -1,50.

6.4 A parede celular e a estrutura da membrana séo afetadas pela SRT

A SRT modulou a expressdo de genes associados a formacdo de glucanos e
quitinas, que sdo polissacarideos estruturais importantes na parede celular fungica. Esses
genes incluem endoglucanases (TERG 08178, TERG_03353, TERG 06189 e
TERG_04268), quitinases (TERG_05626 e TERG_05625) e quitina sintases
(TERG_12318 e TERG_12319). Enquanto os genes relacionados ao glucano foram

predominantemente induzidos, os genes associados a quitina foram reprimidos apés 12 h
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de tratamento com a SRT. O gene que codifica a hidrofobina (TERG_04234) foi
reprimido apds apenas 12 h de exposicao a SRT. Além disso, SRT regula negativamente
a expressao de genes que codificam componentes da via biossintética do ergosterol em T.
rubrum. Apos 12 h, os genes que codificam para difosfomevalonato descarboxilase
(ergl9; TERG_07616), C-8 esterol isomerase (ergl; TERG_06755), c-14 esterol redutase
(erg24; TERG _04382), C-4 metilsterol oxidase (erg25; TERG_08545), proteina de
biossintese de ergosterol (erg28; TERG_04740) e esterol 24-Cmetiltransferase/Delta
(24(24[1]))-sterol redutase (erg4; TERG_06528/TERG_03102) foram reprimidos. O
gene codificador de esqualeno epoxidase (ergl; TERG_05717) foi reprimido apds 3 e
12h.

O baixo contetdo de ergosterol apos tratamento com SRT confirmou a inibicdo
da via Biosintética desse esterol (Figura 10). Ainda, a modulacédo da esfingomielinase D
(TERG_01406), fosfolipase lisossdmica A2 (TERG_03747), B (TERG_05522) e D
(TERG_05303) e regulacdo positiva da fosfolipase A2 secretora (TERG_00127) foram

observadas.
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Figura 10. Efeito do farmaco sertralina no teor de ergosterol total como porcentagem do
peso Umido do micélio de Trichophyton rubrum. Controle (auséncia de farmacos),
presenca dos antifungicos anfotericina B (ANF cim e ANF 2x cim), cetoconazol (KTC
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cim e KTC 2x cim) como controles positivos e SRT na concentracdo subinibitoria (6,25
pg/mL). Os asteriscos representam diferenca estatistica * p < 0,05, ** p< 0,01 e *** p <

0,001 em comparagdo ao controle.

A exposicdo a SRT levou ao acumulo de transcritos de alguns genes que codificam

transportadores de membrana. O nimero de genes modulados aumentou ao longo do

tempo. Genes que codificam os transportadores do tipo MFS foram preferencialmente

inibidos em ambos os pontos de tempo. Entre os genes regulados positivamente, 23

permaneceram induzidos ap6s 3 e 12 h de desafio com SRT (Tabela 9).

Tabela 9. Genes que codificam transportadores no genoma de Trichophyton rubrum

modulados em resposta a exposic¢ao ao farmaco sertralina.

ID Produto do gene 3h  12h
TERG_00286 ABC transporter (T.tonsurans) 0,52 1,53
TERG_00402 ABC multidrug transporter, putative (T. verrucosum) 2,49 3,00
TERG_00955 ABC drug exporter AtrF (T. verrucosum) 2,07 1,62
TERG_01443 ABC multidrug transporter (T. tonsurans) -0,02 -1,61
TERG_01718 cell division control protein Cdc6 (T. tonsurans) -1,35 -2,19
TERG_02186 ABC multidrug transporter, putative (A. benhamiae) 191 347
TERG_02867 ribosome biogenesis ATPase RIX7 (T. tonsurans) -1,05 -191
TERG_04224 ABC transporter 2,32 3,96
TERG_04952 multidrug resistance protein (T. equinum) 6,87 7,69
TERG_05126 ABC multidrug transporter, putative (A. benhamiae) 1,17 2,27
TERG_05254 translation initiation factor RLI1 -0,84 -1,60
TERG_08130 ABC ATPase (T.equinum) 2,36 0,54
TERG_08299 multidrug resist.-associated prot. 1 transporter (M. canis) 1,96 3,30
TERG_08613 ABC multidrug transporter, putative (A. benhamiae) 1,16 3,50
TERG_08751 ABC multidrug transporter, putative (A. benhamiae) 582 6,33
TERG_12373 multidrug resistance protein (T. tonsurans) 0,57 -1,73
TERG_12595 ABC multidrug transporter SitT (T. tonsurans) 0,15 3,60
TERG_00008 MFS phospholipid transporter (T. tonsurans) -0,19 -153
TERG_00162 MFS multidrug transporter, putative (A. benhamiae) 2,30 2,26
TERG_00574 MFS multidrug transporter, putative (T. verrucosum) 1,86 3,07
TERG_00776 MFS transporter (T.tonsurans) 0,83 1,82
TERG_01053 MFS monocarboxylate transp., putative (T. verrucosum) 1,76 2,39
TERG_01336 MFS transporter (T.equinum) 0,06 -2,30
TERG_01480 MFS multidrug transporter, putative (A. benhamiae) 1,11 -3,74
TERG_01623 MFS transporter (T.equinum) 154 298
TERG_01634 MFS multidrug transporter, putative (T. verrucosum) -1,17 -2,40
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TERG_01912
TERG_02265
TERG_02283
TERG_02369
TERG_02545
TERG_02616
TERG_02844
TERG_03055
TERG_03174
TERG_03240
TERG_03965
TERG_04308
TERG_04399
TERG_04764
TERG_04765
TERG_04875
TERG_05104
TERG_05199
TERG_05202
TERG_05342
TERG_05429
TERG_05466
TERG_05575
TERG_05891
TERG_06650
TERG_06679
TERG_07040
TERG_07492
TERG_07539
TERG_07654
TERG_08095
TERG_08336
TERG_08700
TERG_11600
TERG_11753
TERG_11943
TERG_12017
TERG_12018
TERG_12193
TERG_12194
TERG_12270
TERG_12370
TERG_12503
TERG_12504
TERG_12511
TERG_00616

MFS transporter (T. equinum)

MFS multidrug transporter (T. equinum)

MFS transporter, putative (T.verrucosum)

MFS transporter (T. tonsurans)

MFS monocarboxylate transporter (T, equinum)
integral membrane protein (T, equinum)

major facilitator superfamily transporter (T. tonsurans)
MFS transporter, putative (T. verrucosum)

MFS siderochrome iron transporter MirB (T. verrucosum)
transmembrane efflux protein (T. tonsurans)

MFS nicotinic acid transporter (T. tonsurans)

MFS sugar transporter (T. tonsurans)

MFS transporter, putative (A. benhamiae)

MFS transporter (T. tonsurans)

MFS transporter, putative (A. benhamiae)
monocarboxylate permease (T. equinum)

MFS transporter of unknown specificity (T. verrucosum)
MFS gliotoxin efflux transporter GliA (T. verrucosum)
MFS drug efflux transporter (T. equinum)

MFS multidrug transporter, putative (A. benhamiae)
MFS multidrug transporter, putative (T. verrucosum)
MFS transporter, putative (T. verrucosum)

MFS multidrug transporter (T. tonsurans)

MFS phosphate transporter (T. equinum)

MFS monocarboxylate transp., putative (A. benhamiae)
MFS transporter, putative (A. benhamiae)

MFS drug efflux transporter (T. equinum)

sugar transporter STL1 (T. tonsurans)

multidrug resistance protein (T. tonsurans)

MFS transporter, putative (T. verrucosum)

MFS multidrug transporter, putative (A. benhamiae)
MFS multidrug transporter, putative (A. benhamiae)
DUF895 domain membrane protein (T. equinum)

MFS transporter (T. tonsurans)

MFS transporter (T.tonsurans)

MFS maltose permease (T. tonsurans)

MFS sugar transporter, putative (A. benhamiae)

MFS sugar transporter, putative (A. benhamiae)

MFS sugar transporter (T. equinum)

MFS monosaccharide transport., putative (T. verrucosum)
MFS multidrug transporter, putative (A. benhamiae)
MFES multidrug transporter, putative (A. benhamiae)
polyamine transporter 2

MFES multidrug transporter (T. equinum)

MFS multidrug transporter (T. equinum)
potassium/sodium efflux P-type ATPase, fungal-type

0,32
1,15
-0,05
0,68
0,26
0,55
-2,51
2,51
-0,30
1,64
1,49
-0,10
2,31
1,93
1,70
-1,07
1,96
2,20
-0,07
-0,44
0,94
3,12
1,12
-1,23
1,53
1,45
2,07
0,35
-0,04
1,48
0,48
1,53
2,83
-0,46
-0,40
1,31
-0,82
-1,06
-1,84
-2,01
2,00
1,38
0,12
0,26
-0,05
1,98

-2,29
2,02
-2,18
1,51
-2,14
-1,63
0,19
2,25
-1,57
1,70
2,31
-2,59
1,81
0,88
1,30
-1,88
1,67
2,70
-2,58
-1,91
2,33
3,90
1,98
-1,65
1,63
2,64
0,32
1,50
-1,72
3,48
-2,19
0,49
1,79
-1,78
-2,28
1,55
-3,68
-3,85
-2,38
-2,53
-0,02
1,72
-1,71
-1,54
-1,95
5,04
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TERG_02565 sulfate transporter (T. equinum) 1,77 1,82

TERG_03396 phospholipid-transporting ATPase (T. equinum) 1,38 2,11
TERG_03401 high affinity nickel transporter (T. tonsurans) -0,54 -195
TERG_03408 ZIP metal ion transporter (T. equinum) 0,69 1,58
TERG_03714 NCS1 nucleoside transporter (T. tonsurans) 1,30 2,53
TERG_04778 Ribos. assembly and trans. prot. Srp40 (T. verrucosum) -1,30 -2,12
TERG_04790 arsenical-resistance protein -1,29 -1.81
TERG_05023 calcium/proton exchanger 3,86 2,95
TERG_05141 NCS1 nucleoside transporter (T. equinum) -1,15 -3,13
TERG_05701 Cé4-dicarboxylate transp./malic acid protein (T. verrucosum) -0,70 -1,62
TERG_05837 Plasm. memb. ammonium trans. (Ato3), putativ. (A. benhamiae) 0,46 2,12
TERG_07174 vesicle transport V-snare protein (T. equinum) 0,42 1,553
TERG_07921 adenylylsulfate kinase 1,24 2,18
TERG_07942 calcium channel subunit Cchl (T. tonsurans) 1,15 2,01
TERG_08377 copper transporter Ctr (T. tonsurans) 1,21 292
TERG_11885 ABC bile acid transporter, putative (T. verrucosum) 0,98 161
TERG_11920 vesicle-med. transp.prot.Bfr2/Che-1 (T. verrucosum) -1,68 3,68
TERG_12058 transporter smf2 (T. tonsurans) -0,71 -2,38
TERG_12059 transporter smf2 (T. tonsurans) -0,33 -1,83
TERG_12342 membrane zinc transporter (T. tonsurans) 0,29 -3,13
TERG_12436 monocarboxylate transporter (M. canis) 1,31 1,88
TERG_12559 copper-transporting ATPase (T. tonsurans) 1,67 2,82

(*) Valores expressos em log2 FC + 1,5 estdo destacados em vermelho para genes induzidos e em verde
para genes reprimidos na presenca do farmaco SRT.

6.5 SRT afeta a transcricdo de genes de estresse oxidativo em T. rubrum

Através da regulacdo positiva dos genes da glutationa S-transferase (GST) (TERG
03390, TERG 04960, TERG 01405, TERG 07326, TERG 02041, TERG 00579, TERG
08208 e TERG 05135), T. rubrum pode ter uma resposta alterada ao estresse oxidativo
guando exposto ao farmaco SRT. Na presenca da SRT, dois outros genes GST
(TERG_06540 e TERG_06578), bem como genes codificando catalase A (TERG_01252)
e Fe-superdxido dismutase (TERG_04819), foram regulados negativamente. Além disso,
SRT regulou positivamente o gene que codifica a tioredoxina redutase (TERG_08849) e
regulou negativamente o gene da tiorredoxina (TERG_05849). Tioredoxinas (TRX) sdo
pequenas proteinas redox onipresentes que desempenham papéis-chave na sinalizagdo

redox e respostas ao estresse oxidativo. Os genes responsaveis pela conversdo da
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melatonina em dois metabolitos, 6-hidroximelatonina e N-acetil-N-formil-5-
metoxiquinuramina, foram também regulados positivamente pela SRT (Figura 11).
Finalmente, o gene mais induzido em ambos os momentos (TERG_06548) foi um

ortologo oxidoredutase identificado em Microsporum canis.
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Figura 11. A via biossintética envolvida na sintese de melatonina a partir do triptofano.
Etapas enzimaticas do triptofano a melatonina e os metabdlitos correlacionados.

6.6 Efeito da SRT no Metabolismo de T. rubrum

SRT aparentemente interfere com o metabolismo primério de T. rubrum. Enquanto
0s genes envolvidos na glicélise foram reprimidos, os genes envolvidos no ciclo do
glioxilato, etanol e biossintese de glicerol e desramificacdo de glicogénio foram
induzidos. O antidepressivo faz T. rubrum desviar do metabolismo de carbono padrédo
para caminhos alternativos (Figura 12). Este efeito repressivo nos genes da via da
glicolise neutraliza a etapa inicial realizada pela hexoquinase (TERG_03229), que foi
induzida. A reprogramagédo metabolica induziu a expressao de genes associados ao ciclo
do glioxilato (TERG_11639, TERG_01281, TERG_08288 e TERG_08287) e biossintese
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de glicerol (TERG_07273, TERG_12172 e TERG_12173). Além disso, SRT modulou
genes relacionados ao catabolismo de etanol e glicerol e induziu uma enzima
desramificadora (TERG_06681). Essa enzima facilita a quebra do glicogénio, que serve

como reserva de glicose.

UDP-Galactose

Glycolysis I S
TERG_06874
Glucose-1-P—————» UDP-Glucose
TERG_00342
Glucose——» Glucose-6-P
TERG_03229 TERG_06681 Glycogen
Glyoxylate cycle Fructose-6-P -
TERG_ 07235 Glycogen metabolism
p— Fructosel-1,6—diP TERG_06744
. v v
Isocitrate Glyoxylate Glyceraldehyde-3P « > DHAP TERG_12172
3 TERG_04402 NAD+ EAD
JEROLgres 1,3-Diphosphoglycerate
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Clirate 3-Phosphoglycerate Glycerol 3-phosphate
TERG_08288 Malate TERG_07273
TERG_08287 TERG_11505 2-Phosphoglycerate
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Oxaloacetate » 2-Phosphoenolpyruvate
TERG_00758 . -
— o — g .. Glycerol biosynthesis

TERG_00758 l

TERG_01733
Acetate «—» Acetaldehyde «——» Ethanol

Ethanol biosynthesis

Figura 12. Visdo geral do efeito do farmaco sertralina no metabolismo de Trichophyton
rubrum. Genes induzidos (vermelho) ou reprimidos (verde) considerando + 1,5 Log2 FC.
Em amarelo, o acumulo de transcricdo esta abaixo do limiar de + 1,5 Log2 FC
(correspondente a 1,47 fold change).

6.7 Eventos de SA na presenca do farmaco SRT

O RNA-seq revelou a expressdo diferencial de transcritos alternativos em 288
genes em 3h e em 679 genes em 12h na presenca da SRT. Portanto, a maioria dos genes
responsivos ao desafio concentrou-se em 12h (Figura 13).

Os genes com as maiores modulagdes de eventos de SA estdo listados na Tabela
10. Transportadores de membrana, fatores de transcrigdo e proteinas quinase continuaram
como grupos proeminentes, porém, ndo ha necessariamente relacdo entre a indugéo ou

repressdo dos genes com o0s eventos de SA.
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Figura 13. Diagrama de Venn apresentando os genes que sofreram splicing alternativo
apos exposicdo a dose subletal da SRT por 3 h e 12 h em comparacdo com as amostras
de controle sem SRT.

Tabela 10. Os eventos de splicing alternativo mais significativamente regulados.

Log?2 Fold change

ID Produto do gene 3h 12h
TERG_07560 hypothetical protein 4,02 3,19
TERG_00243 pathogenesis associated protein Cap20, putative (T. verrucosum) 2,88 5,46
TERG_08430 Neurofilament heavy polypeptide (T. tonsurans) 2,77 2,86
TERG_08333 1-pyrroline-5-carboxylate dehydrogenase 2,70 3,27
TERG_04145 ATP synthase subunit beta, mitochondrial 2,12 3,45
TERG_06358 dicer (T.tonsurans) 2,04
TERG_03566 GYF domain-containing protein (T.equinum) 2,02
TERG_07169 hypothetical protein 2,01
TERG_07200 C2 domain-containing protein (T. tonsurans) 1,91
TERG_03599 metalloproteinase (T. equinum) 1,90
TERG_07656 lupus La protein (T. equinum) 3,09
TERG_03642 hypothetical protein 2,97
TERG_07330 chromatin regulatory protein sir2 (T. tonsurans) 2,73
TERG_01957 proteinase T (M. gypseum) 2,72
TERG_07753 hypothetical protein 2,69
TERG_06810 hypothetical protein -1,93
TERG_08093 inositolphosphorylceramide-B C-26 hydroxylase (T. equinum) -1,96
TERG_06041 hypothetical protein -1,98
TERG_03829 FAD binding domain-containing protein (T. equinum) -1,99

Phospholip.-translocating P-type ATPase domain-containing protein
TERG_00146 (T. equinum) -2,00
TERG_00362 glutaminase (T.equinum) -2,02
TERG_00412 CMGC/SRPK protein kinase (T. tonsurans) -2,07
TERG_02483 hypothetical protein -2,19
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TERG_07283 GABA permease (T.equinum) -2,25

TERG_00553 amino acid permease (T. equinum) -2,42

TERG_07238 zinc-binding oxidoreductase, putative (A. benhamiae) -3,58
TERG_08672 HFR-3 (M. canis) -3,61
TERG_01479 GTPase activating protein (T. tonsurans) -3,82
TERG_07070 meiotically up-regulated 62 protein (M. gypseum) -3,94
TERG_08189 CMGC/CLK protein kinase -3,99
TERG_07319 metacaspase 1B (T. tonsurans) -4,00
TERG_02909 acyl-CoA oxidase, putative (T. verrucosum) -4,17
TERG_04324 extracellular metalloproteinase 4 -451
TERG_08416 DUF1339 domain-containing protein (T. equinum) -5,18
TERG_00745 fes/CIP4 y domain-containing protein (T.equinum) -5,19

Para validar o SA um gene codificador da quinase CMGC/SRPK, TERG_07061,
foi selecionado pois ele apresentou repressao de sua expressao na presenca da SRT em
3h e 12h (Tabela 7) e inducdo da retencao do intron 3 em 3h (1,43 log2 FC) e 12h (2,50
log2 FC). O resultado do teste de variacdo da temperatura de anelamento dos primers
demonstra que os iniciadores se ligam especificadamente nas regides determinadas.
Apenas duas bandas foram visualizadas apds a amplificacdo do produto do cDNA com
primers que flanqueiam o intron 3. A banda de maior tamanho corresponde ao produto
de amplificacdo do transcrito com retencdo do intron com 253pb, e a banda de menor

tamanho corresponde ao transcrito processado com 197pb (Figura 14).

M 1 2 3 4 5 6 7 8 9 10 11

Figura 14. Eletroforese em gel de agarose realizada com produtos RT-PCR. Teste do
gradiente de temperatura do passo de anelamento dos oligonucleotideos. Da esquerda
para direita, M: marcador de peso molecular (100pb); 1: 50 °C; 2: 50,3°C; 3: 50,9°C,; 4:
51,1°C; 5:53,1°C; 6: 54,4°C; 7: 55,6°C; 8: 56,9°C; 9: 58,2°C; 10: 59,1; 11: 59,7°C. Todos
os produtos de amplificacdo de cDNA foram obtidos de micélios cultivados na auséncia
da SRT.
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Os resultados obtidos confirmam os eventos de retencédo do intron para os tempos 3h
e 12h, na presenca e na auséncia do farmaco SRT, como revelado nos dados do RNA-seq

(Figura 15B).

A

Saboraud Sertralina

M RI R2 R3 RlI R2 R3 gDNA C-

S00PD e

B Saboraud Sertralina
M RI R2 R3 RI R2 R3 gDNA C-

300pb__
200ph m—

Figura 15. Produtos de amplificacdo de cDNA obtido de micélios de Trichophyton
rubrum na presenca de 70% da CIM do farmaco sertralina. A) Produto de amplificagcdo
de cDNA utilizando oligonucleotideos que flanqueiam um intron do gene da B-tubulina
de T. rubrum. B) Produto de amplificacdo de cDNA utilizando oligonucleotideos que
flanqueiam o intron 3 do gene TERG_07061 codificador da quinase CMGC/SRPK de T.
rubrum. M: marcador de peso molecular (100pb); Saboraud R1, R2 e R3 cDNA extraido
de micélios crescidos na auséncia do farmaco SRT; Sertralina R1, R2 e R3 cDNA extraido
de micélios crescidos na presenca do farmaco SRT; gDNA: DNA extraido de micélios
crescidos na auséncia do farmaco utilizado como controle positivo; C-: controle negativo.

Conforme revelado nos dados de RNA-seq, houve indugéo significativa da retencéo
do intron 3 em 12h de exposicdo a SRT. Apesar da expressdo da isoforma sem retencao
também estar induzida em 12h, os valores de expressdo relativa sdo maiores para a

isoforma com retencdo do intron 3 (Figura 16). Adicionalmente, dos 81 genes
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codificadores de proteina quinase que foram modulados pela SRT (Tabela 7). Apenas 38

genes sofreram SA mostrando que ndo € um fenémeno geral para todas as quinases.

A TERG 07061 B TERG_07061
(Isoforma sem retengo) (Isoforma com retengéo)
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Figura 16. Nivel de expressdo relativa das isoformas do gene TERG_07061 codificador

da quinase CMGC/SRPK em Trichophyton rubrum. (A) Expresséo relativa da isoforma
sem retencdo do intron 3 apds 12h de tratamento em comparacdo com controle na
auséncia do farmaco SRT. (B) Isoforma com retencédo do intron 3 apds 12h de tratamento
em comparacdo com o controle na auséncia do farmaco SRT. Os asteriscos indicam a
significancia estatistica determinada pelo teste t seguido de post-hoc de Tukey (** p <
0,01).
6.8 Caracterizacgdo das isoformas do gene SRPK

O gene TERG_07061 codifica para uma proteina quinase CMGC/SRPK e tem 2.246
pares de base. Apenas uma isoforma proteica contendo 400 aminoacidos esta descrita.
Quando o intron 3 é retido a proteina tem 67 residuos de aminoacidos a menos em
comparagdo com a isoforma descrita no EnsemblFungi.

Portanto, a busca por dominios revelou proteinas com tamanhos diferentes. A
isoforma com retencdo do intron é menor, porém, possui em sua estrutura pelo menos
parte dos dominios de assinatura para proteina quinase. Além disso, as analises de

predicdo de dominios mostraram que o sitio de ligagdo ao ATP foi mantido,

permanecendo do mesmo tamanho e posi¢éo na proteina com retengéo (Figura 17).
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Figura 17. Comparacdo entre isoformas do gene SRPK. Andlise dos dominios das

isoformas derivadas do splicing convencional e splicing com retengao de intron 3. Ex-1:
Exon 1; Ex-2: Exon 2; Ex-3: Exon 3 e E-4: Exon 4. UAA: cédon de parada.
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7. Discusséo

Conhecer o0s possiveis mecanismos relacionados a resposta dos patdgenos ao
candidato a farmaco facilitard a otimizacdo do seu reposicionamento. Portanto,
realizamos uma analise abrangente dos efeitos do antidepressivo SRT no transcriptoma
do agente etiologico mais comum das dermatofitoses, o dermatofito T. rubrum.

Além de seu uso como antidepressivo, o farmaco SRT também tem sido explorado
para outras aplicacGes terapéuticas. Estudos in vitro e in vivo demonstraram seu potencial
de aplicacao no tratamento de osteomielite e cancer (Muthu et al., 2019; Bau-Carneiro et
al., 2022). Além disso, a SRT apresenta atividades antiparasitarias, antibacterianas e
antifangicas contra varios fungos patogénicos, incluindo C. neoformans, Aspergillus
fumigatus, Trichosporon asahii, Sporothrix schenckii e T. rubrum (Lass-Florl et al., 2001,
Cong et al., 2016; Ferreira et al., 2018; Muthu et al., 2019; Villanueva-Lozano et al.,
2019; Breuer et al., 2022; Rocha et al., 2022). A SRT também é eficaz isoladamente ou
como terapia adjuvante contra a formacéo de biofilme de T. rubrum, in vitro e em modelo

de unha humana, isoladamente ou em combinagdo com caspofungina (Rochaet al., 2022).

7.1 Sequenciamento

O RNA-seq é uma tecnologia confidvel que usa 3 réplicas técnicas e 3 réplicas
bioldgicas. No entanto, devido ao grande volume de dados obtidos é recomendavel usar
uma outra técnica para validar o experimento. No6s utilizamos o RT-gPCR, e
selecionamos 13 genes aleatoriamente, sem predilecdo de vias, tipo de modulagdo ou
tempo de exposicao, com o intuito de obter uma amostra a mais heterogénea possivel.

Os resultados obtidos demonstraram a confiabilidade do RNA-seq. As leituras de alta
qualidade, bem como a correlacéo entre RT-gPCR e RNA-seq, justificam seu uso nesse
e em outros estudos sobre os efeitos de farmacos antidermatofiticos. (Persinoti et al.,

2014; Mendes et al., 2018; Martins et al., 2019).
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7.2 SRT afeta sinalizacéo celular e a transcricdo em T. rubrum

O enriquecimento do dominio da proteina quinase serina/treonina (IPR002290), o
catalisador dominio da proteina quinase tirosina e o dominio de ligacdo ao DNA
semelhante a fungos Zn(2)-C(6) (IPR001138) foi relatado em fungos antropofilicos
(Martinez et al., 2012). O perfil transcricional de T. rubrum apds ser desafiado com a
SRT forneceu evidéncias de que quinases e 0s genes associados a regulacdo
transcricional, quando modulados, foram preferencialmente induzidas, principalmente
em 12 h de desafio.

A fosforilagédo por proteinas quinases € um mecanismo critico que ajusta as atividades
celulares como proliferacdo, metabolismo, apoptose e expressdao génica. Essas proteinas
funcionam como interruptores moleculares ligando e desligando vias através de eventos
de fosforilacdo (Watson et al., 2020). A inducdo da transcricdo resultante da exposicao a
SRT sugere ativacdo de vias de sinalizacdo especificas. Os resultados obtidos indicam a
ativacdo do splicing através da fosforilacdo reversivel de proteinas SR. Essa fosforilacdo
depende das familias SRPK e CLK. A familia SRPK fosforila proteinas SR, promovendo
a importacdo nuclear de proteinas SR. Uma vez no nucleo, as proteinas SR podem ser
fosforiladas pela familia CLK de quinases, que compreende uma sequéncia de eventos
essenciais para o splicing do pré-mRNA (Zhou and Fu, 2013). Por outro lado, o0 nimero
significativo de genes codificadores de proteinas quinases modulados negativamente,
sugere a desativacdo de outras vias. Essa estratégia de desativacdo pode representar uma
demanda de conservacdo de energia suportada pela regulacdo negativa da biogénese
ribossomal (Figura 8). Biogénese de ribossomos € energeticamente cara para as células.
Consequentemente, condi¢cbes ambientais desfavoraveis inibem tais processos (Piazzi et

al., 2019).
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Os fatores de transcricdo também estdo associados a especificidade dos dermatofitos
por determinados hospedeiros (Martinez et al., 2012). Um pequeno nimero de fatores de
transcricdo foi modulado, a maioria dos quais tinha um motivo estrutural de dedo de
zinco. Os fatores de transcricdo sdo importantes para controlar a expressao génica e
regular as redes de transcricdo moldando a fisiologia celular. Os fatores de transcricao
foram descritos em T. rubrum como envolvidos na regulacdo de aquisicdo de nutrientes
no hospedeiro, morfogénese, formacao de biofilme, ajuste de pH, secrecdo de proteases,
infeccdo em unhas, modulacdo da producdo e secrecdo de citocinas em cultivo com
queratinécitos humanos, regulacdo do processo de SA, dentre outros, que sdo
determinantes para o sucesso do processo infeccioso e neutralizacdo de farmacos
(Bitencourt et al., 2020; Lang et al., 2020; Martins et al., 2020; Bitencourt et al., 2021;
Martins-Santana et al., 2022; Peres et al., 2022). Considerando a relevancia da regulacao
de fatores de transcricdo e seu papel fundamental na patogénese de dermatofitos
antropofilicos, é provavel que SRT desencadeie a regulacdo direta ou indiretamente da

transcricao, limitando o gasto de energia em condicdes desfavoraveis.

7.3 SRT perturba a parede celular e a membrana do Trichophyton rubrum

A parede celular fngica é a primeira estrutura que os farmacos encontram antes de
entrar na célula. E uma estrutura composta por proteinas de sinalizacdo altamente
especializadas em detectar varios estimulos essenciais para a manutencdo da homeostase
celular e a pressdo osmoética. Essa estrutura possui alta plasticidade sendo fonte de
diferentes respostas adaptativas. Varias moléculas que formam as paredes e membranas
celulares sdo exclusivas dos fungos e constituem alvos adequados para o
desenvolvimento de antifungicos, no entanto, alcancar essa estrutura ndo ¢ uma tarefa
facil, os fungos desenvolveram ao longo de sua jornada vérias estratégias para manter sua

estabilidade (Martins et al., 2019).
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A parede celular fungica é constituida por -1,3-glucano, quitina e glicoproteinas, que
sdo principalmente responsaveis pelas interacdes entre a célula e o ambiente. Esta parede
estd associada com uma membrana celular composta predominantemente por
glicerofosfolipidos, esterdis e esfingolipidios. A exposi¢do a SRT afeta a expressdo de
genes codificadores de enzimas hidroliticas em T. rubrum, o que pode contribuir para
mudancas na estrutura da parede celular. Alem disso, a represséo de uma beta-1,6 glucana
sintetase que atua como um ligante glicosidico sugere uma instabilidade imposta na
montagem da parede celular (Roncero and Vazquez De Aldana, 2020). Os efeitos
repressivos gerais da SRT nos niveis de transcri¢cdo para quitina sintases e quitinases
podem funcionar como um mecanismo compensatorio para manter a integridade da
parede celular. Este perfil modulador é semelhante aos efeitos dos antifingicos
pertencente ao grupo das equinocandinas nas células fungicas. As equinocandinas tém
como alvo o gene B-1,3-glucano sintase, esgotando o conteudo de glucano da parede
celular e aumentando o conteddo de quitina (Martinez-Rossi et al., 2021). N-
acetiltransferases (GNAT) sdo enzimas que catalisam reacdes de acetilacdo transferindo
uma porc¢ao acil da acil-coenzima A para diversos substratos (Choudhary et al., 2014).
Todos os genes que codificam GNAT (TERG_05545, TERG_07987, TERG_07408 e
outros) foram regulados positivamente quando o fungo estava na presenca da SRT. As
hidrofobinas sdo proteinas exclusivas das células flngicas presentes em sua superficie,
responsaveis por sua interacdo com 0 meio ambiente, adesdo ao substrato e
hidrofobicidade, que também sdo cruciais na interacdo com o hospedeiro (Valsecchi et
al., 2017). SRT reprimiu o gene que codifica a hidrofobina (TERG_04234). Em um
estudo anterior, o T. rubrum foi exposto a doses subletais de &cido undecanoico (UDA),

onde esse gene também foi reprimido (Mendes et al., 2018; Martins et al., 2019).

67



Genes associados a biossintese de ergosterol foram reprimidos ap0os 12 h de exposicao
a SRT, revelando que o antidepressivo afeta as propriedades da membrana plasmatica.
Além disso, SRT reduziu niveis de ergosterol em comparacdo com anfotericina B e
cetoconazol, que foram usados como controles positivos (Figura 10). Anfotericina B
interage diretamente com ergosterol enquanto o cetoconazol € um potente inibidor de sua
biossintese (Martinez-Rossi et al., 2021). Ergosterol modula a fluidez e permeabilidade
da membrana plasmatica e € essencial para a atividade enzimatica de proteinas estruturais,
transportadores e ancoras lipidicas pelas quais as proteinas sdo acopladas a parede celular
e amembrana. AlteracGes em sua estrutura interfere principalmente na penetracdo da agua
(Abe et al., 2009). A alteracdo resultante na membrana plasmatica, juntamente com a
modulacdo diferencial de genes associados a parede celular, sugere a ocorréncia de
estresse osmotico com alteracGes na composicao do ergosterol das bicamadas lipidicas,
fornecendo informacdes sobre a atividade antifingica da SRT contra T. rubrum. Em
trabalho anterior de nosso grupo, UDA também atuou promovendo a reducdo do
ergosterol na membrana fangica, o que afetou indiretamente a estrutura de parede do T.
rubrum, prejudicando sua estabilidade e forcando seu remodelamento (Mendes et al.,
2018; Martins et al., 2019).

SRT, uma droga anfifilica catidnica (CAD), causa fosfolipidose induzida por drogas
(DIP) durante o armazenamento excessivo de fosfolipidios nos lisossomos (Rainey et al.,
2010). A expressdo dos genes que codificam a fosfolipase A2 e a esfingomielinase D
foram diminuidas apés 12 h de tratamento com SRT. Inibicdo da fosfolipase A2
lisossémica correlaciona-se fortemente com drogas causando fosfolipidose (Hinkovska-
Galcheva et al., 2021), enquanto a enzima acida esfingomielinase foi investigada como
um alvo potencial para agdo antidepressiva (Rhein et al., 2017). Por outro lado, a

fosfolipase B é regulada positivamente na exposicdo inicial a SRT e a fosfolipase D é
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regulada positivamente ao longo do tempo. A fosfolipase B tem atividade de hidrolase
que cliva acidos graxos de fosfolipidios e lisofosfolipidos (Ramrakhiani and Chand,
2011). A fosfolipase D compreende enzimas responsaveis por gerar acido fosfatidico
(PA), um mensageiro secundario implicado na regulacdo de trafego vesicular (O'luanaigh
et al., 2002). A SRT também modulou genes envolvidos no trafego vesicular, incluindo
a inducdo de genes codificadores de V-SNARE (TERG_ 06294, TERG_07174) e a
proteina da vesicula do reticulo endoplasmatico, TERG_00785, que teve sua expressao
induzida aproximadamente 25.388 vezes apés 3 h de desafio (log2= 8,6). O sistema
secretorio de T. rubrum € essencial para sua patogénese. Diversas enzimas
queratinoliticas estdo envolvidas na quebra de moléculas de queratina, auxiliadas pela
secrecdo de amonia e ureia pelo fungo (Martins et al., 2020). Além disso, as vesiculas do
dermatofito Trichophyton interdigitale modula a resposta imune do hospedeiro
(Bitencourt et al., 2018).

Além de modificar a parede celular e a membrana, houve a regulacdo positiva de
genes que codificam o sistema glioxalase. Um sistema antioxidante altamente
conservado, onipresente em todos os organismos vivos. Ele desintoxica as células na
presenca de metilglioxal, um subproduto da glicolise e gliconeogénese. A enzima
glioxalase catalisa a conversdao de metilglioxal com glutationa em S-D-lactoilglutationa
(He et al., 2020). Curiosamente, 0s genes que codificam enzimas desse sistema foram
induzidos pela SRT (TERG_00233, TERG_06533, TERG_04907) e reprimidos quando
o0 dermatdfito foi cultivado em queratina como Unica fonte de carbono (Martins et al.,

2020).

7.4 SRT e os transportadores de Trichophyton rubrum
Além de afetar a estrutura e composicao da parede celular, a analise transcricional

global em resposta a SRT demonstrou a inducdo de genes de resisténcia a drogas,
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principalmente os genes que codificam MFS, como uma resposta celular ao estresse. O
MFS é um dos maiores grupos de transportadores ativos secundarios e desempenha varios
papéis no transporte de uma ampla gama de substratos, incluindo agucares, aminoacidos
e drogas (Quistgaard et al., 2016). O perfil geral regulado positivamente sugere uma
atividade de desintoxicacdo que aumenta com o tempo, uma vez que esta familia de
proteinas inclui aqueles que codificam transportadores de resisténcia a drogas. No
entanto, apds 12 horas na presenca da SRT, a regulacdo negativa de genes especificos
pode representar uma tentativa de reter fosfato (TERG_05891; transportador de fosfato
MFS) ou monossacarideos (TERG_12194, TERG_04308; transportador de acucar MFS)
com o objetivo de superar os efeitos toxicos das drogas.

Além disto, varios genes que codificam bombas de efluxo do tipo MDR (resisténcia
a multiplas drogas) foram super expressos ap6s 3 e 12 horas de exposi¢do a SRT. Este é
um dos principais mecanismos de resposta a farmacos nos organismos vivos e atua logo

apos o reconhecimento pela célula da presenca de substancias toxicas.

7.5 SRT desequilibra a Resposta ao Estresse Oxidativo

Apbs 3 h de exposicdo a SRT, T. rubrum induziu a expressao de genes da glutationa
S-transferase para superar seus efeitos toxicos. GSTs sdo pequenas proteinas citosolicas
que contém um grupo sulfidrila redox-ativo e estdo envolvidos na desintoxicacédo celular.
Xenobidticos e produtos enddgenos do estresse oxidativo sdo conjugados a glutationa
(GSH) e secretados através de vacuolos (Sato et al., 2009). Os metabdlitos toxicos
enddgenos sdo removidos por processos de desintoxicacdo GSH-dependente. Assim,
confere protecéo contra o formaldeido produzido por metabolismo do metanol ou contra
o metilglioxal, um subproduto da glicolise (He et al., 2020). Interacdes de farmacos com
GSTs tambeém facilitam sua desintoxicacdo através da conjugacdo de GSH (Missall and

Lodge, 2005). No entanto, apds 12 h de exposicdo a droga, a regulacdo negativa de dois
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genes da glutationa transferase pode reduzir a eficiéncia da extrusdo de xenobidticos.
Simultaneamente, a SRT reprime 0s genes da Fe superoxido dismutase e catalase A, que
neutralizam as espécies reativas de oxigénio (ROS).

Os genes que codificam tioredoxina e tioredoxina redutase foram modulados de forma
oposta apos 12 horas de exposicdo a SRT. O sistema tiorredoxina/tioredoxina redutase
(Trx/TrxR) confere homeostase redox as células fungicas (Pannala and Dash, 2015).
Como a SRT diminui o TrxR, o controle do equilibrio redox celular permanece
comprometido. Em A. fumigatus e C. neoformans, o gene que codifica TrxR é essencial
para o crescimento in vitro e mostra fraca homologia com seu ortélogo humano, tornando-
0 um potencial alvo antifngico (Binder et al., 2020).

Saccharomyces cerevisiae submetido ao estresse oxidativo induzido por H20:
apresenta maior transcricdo TRX; a melatonina, um agente antioxidante, atenua
parcialmente o estresse oxidativo aumentando o acimulo de MRNA de TRX em células
expostas a H20> (Vazquez et al., 2017). No presente trabalho, a regulacdo positiva dos
genes que codificam as enzimas responsaveis pela conversdo da melatonina em seus
metabolitos indica uma diminuicdo na disponibilidade de melatonina (Figura 11),
seguida da regulacdo positiva do gene Trx e a regulacdo negativa de TrxR. Esses dados
ddo suporte ao mecanismo que consiste na dependéncia entre Trx e disponibilidade de
melatonina, sugerindo a expressdo contrabalancada do sistema tiorredoxina/tioredoxina
redutase.

Em humanos, o farmaco SRT aumenta os niveis de serotonina nas fendas sinapticas
(Devane et al., 2002). De acordo com os resultados obtidos, SRT aumentou os transcritos
de T. rubrum do gene que codifica um L-aminoacido aromatico descarboxilase (EC
4.1.1.28) ligeiramente abaixo do limiar de log2 FC (1,36 vezes) (Figura 11). Esta enzima

catalisa a conversdo de 5-hidroxitriptofano em serotonina (Muiiiz-Calvo et al., 2019;
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Gallardo-Fernandez et al., 2022). Serotonina funciona como um antifingico contra

Aspergillus spp. in vitro (Perkhofer et al., 2007).

7.6 SRT impde modulacao metabdlica dinamica

O perfil geral mostrou flexibilidade na modulacdo metabdlica em resposta ao efeito
toxico da SRT, ativando o metabolismo alternativo do carbono. Em geral, os
microrganismos consomem 0s nutrientes preferenciais, como a glicose, ativando uma
cascata regulatdria que reprime o consumo de fontes alternativas de carbono, como
maltose, galactose ou etanol (New et al., 2014).

De acordo com as analises dos niveis de transcricdo, embora a glicose esteja
disponivel (pelo menos através do metabolismo do glicogénio) e a enzima hexoquinase
esteja induzida, ativando a etapa inicial da glicolise que é responsavel pela fosforilacdo
da glicose pelo ATP para glicose-6-P, os fluxos glicoliticos ndo sdo direcionados para a
sintese de duas moléculas de 2-fosfoenolpiruvato. A expressdo diferencial induzida pela
SRT direciona 0 metabolismo do T. rubrum a uma estratégia diferente em resposta ao
desafio, redirecionando os padrdes de expressdo génica para ativacdo de genes
responsaveis pelo catabolismo de fontes de carbono menos favoraveis.

O tratamento com SRT resultou na repressdo de genes que codificam enzimas
glicoliticas e um aumento nos niveis de transcricdo de genes envolvidos na utilizagéo de
vias alternativas de carbono, como o ciclo do glioxilato. A inducdo de isocitrato liase
(TERG_11639) e malato sintase, glioxissomal (TERG_01281) ap6s 3 h, e ATP-citrato
sintases (TERG_08288/7) ap0s 12 h de exposi¢do a SRT mostram que a repressdo da via
glicolitica pode estar relacionada a ativagéo do ciclo do glioxilato. A indugéo do gene que
codifica para isocitrato liase (TERG_11639) ocorre em 48 e 96 h de incubacdo de T.
rubrum em queratina como unica fonte de carbono (Martins et al., 2020), juntamente com

a repressdo de genes relacionados com a glicélise, sugerindo a promoc¢éo de uma resposta
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de viruléncia em ambas as condicdes. Ativacdo do ciclo do glioxilato é importante para
patogenicidade fungica (Lorenz and Fink, 2001; Cruz et al., 2022). Especificamente, a
isocitrato liase € uma enzima chave no ciclo do glioxilato (Chew et al., 2019). Nossos
resultados sugerem que a flexibilidade metabdlica observada em T. rubrum in vitro
presumivelmente contribui para sua aptiddo e patogenicidade in vivo.

O perfil transcricional sugere que o farmaco SRT induziu o metabolismo do etanol
através da atividade da enzima alcool desidrogenase e metabolismo do glicerol através da
modulacdo da enzima glicerol quinase. O acumulo de transcritos da enzima piruvato
descarboxilase (TERG_00758), um pouco abaixo do corte estabelecido para as analises
de expressdo diferencial, sugere a catalise enzimatica do acido pirdvico ao acetaldeido e
a posterior producdo de etanol. Piruvato descarboxilase € uma enzima chave na
fermentacdo do etanol, catalisa a descarboxilacdo do piruvato em acetaldeido com a
liberacdo de didxido de carbono (Ishchuk et al., 2008). Desta forma, a atividade
metabdlica do T. rubrum ¢é direcionada a diferentes vias alternativas de carbono em

resposta a exposicdo a SRT.

7.7 Eventos de SA em T.rubrum na presenca da SRT

Genes que codificam para as mais variadas funcdes proteicas foram descritos em T.
rubrum, e eventos de SA foram confirmados e associados a resisténcia a farmacos,
adaptacdo e resposta a mudancas de pH, patogenicidade e viruléncia em modelo de
infeccéo in vitro e ex-vivo (Persinoti et al., 2014; Gomes et al., 2018; Mendes et al., 2018;
Neves-Da-Rocha et al., 2019; Lopes et al., 2022; Martins-Santana et al., 2022). Desta
forma, é presumivel que genes que sofrem splicing alternativo na presenca da SRT
também estariam envolvidos nos mecanismos de resisténcia, permanéncia e adaptacao de

T.rubrum ao hospedeiro.
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Farmacos que interferem no mecanismo de splicing podem ser Uteis para o tratamento
das infeccdes fungicas. Dados na literatura evidenciam que a quinase SRPK é alvo
atraente para o desenvolvimento de farmacos, devido ao seu envolvimento no
processamento de RNA através da fosforilacdo de proteinas SR (Tzelepis et al., 2018; Li
et al., 2021). Os efeitos inibitérios da SRT em T.rubrum podem estar relacionados aos
eventos de SA revelados pelo RNAseqg. Em um trabalho anterior, SPHINX31, um forte
inibidor de SRPK, levou a inducdo de isoforma BRD4 (bromodomain containing 4), em
vez da inibicdo total da transcri¢do, e teve como consequéncia efeito antileucémico
(Tzelepis et al., 2018). N6s mostramos que a SRT atua no balanco entre as isoformas
SRPK em T.rubrum direcionando para abundéncia de transcritos com a retencdo do intron
3, gerando uma possivel isoforma menor da proteina.

Em outro estudo, os efeitos da SRT foram relacionados ao SA quando houve inducéo
de uma variante de HSC70 em ratos submetidos ao antidepressivo. Os autores
identificaram a presenca de um codon de parada causando a ruptura de dominios na
estrutura da proteina, além do predominio da expressao da isoforma convencional em
compara¢do com a isoforma truncada (Yamada et al., 1999). No entanto, nossos
resultados evidenciam o aumento da isoforma truncada e diminuicdo da isoforma
convencional do gene.

Com a andlise da sequéncia de aminoacidos foi prevista a reducdo do tamanho da
proteina SRPK, porém, os sitios cataliticos e de ligacdo ao ATP foram conservados,
sugerindo possivel funcionalidade de ambas isoformas. E descrito que a retencdo de
introns pode levar, em alguns casos, a um codon de parada prematuro gerando uma
proteina truncada. Porém, um codon de parada pode ser vantajoso para o fungo, pela
exposicdo de um novo cddon de inicio, possibilitando a traducdo de uma isoforma

alternativa como ocorrido para PAKA (Gomes et al., 2018).
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Como observado nos resultados do RNA-seq e confirmados por RT-gPCR, a retencao
do intron 3 no gene TERG_07061 foi induzida na presenca da SRT em 12h de exposicao,
apesar deste gene ter sido reprimido em ambos os tempos de exposi¢cdo a SRT (Tabela
7), sugerimos que é provavel a existéncia de uma funcionalidade da isoforma do gene
com a retencao do intron 3 como ocorrido para HSC70 (Yamada et al., 1999).

Esses eventos de retencdo podem estar associados a tentativa de neutralizar os efeitos
toxicos do antidepressivo na célula fungica. Neste caso, podemos sugerir que a isoforma
alternativa desta quinase seria produzida em maior quantidade que a isoforma
convencional para compensar a repressao do proprio gene. Observamos que ocorre maior
repressdo do gene ao longo do tempo de exposi¢cdo a SRT enquanto a sua isoforma
alternativa € induzida. Vem sendo relatado que os eventos de SA podem ocorrer
concomitantemente com a modulacdo génica como um mecanismo de resisténcia e
adaptacdo (Sieber et al., 2018; Muzafar et al., 2020), atuando cooperativamente para
manter a homeostase celular. Porém, uma outra hipdtese é que a SRT altere sitios de
splicing reorganizando a paisagem transcricional de T.rubrum e blogueando eventos

fisioldgicos significativos para a sobrevivéncia do fungo.
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8. Conclusao

Com os resultados obtidos é possivel concluir que:

O antidepressivo teve como alvo eventos moleculares e vias metabolicas
importantes para adaptacéo e viruléncia do dermatofito.

SRT afeta a estrutura da membrana e da parede celular e inibe
significativamente a sintese do ergoterol.

SRT alterou a expressao de genes envolvidos no metabolismo energético,
detoxificacédo celular e defesa contra o estresse oxidativo.

SRT afeta a sinalizagéo celular e a viruléncia de T. rubrum.

SRT aumentou a expressao de varios genes responsaveis pelo efluxo celular
sugerindo que T. rubrum atua em varias frentes para excluir o farmaco de suas
celulas.

Eventos de SA em um gene codificador da quinase CMGC/SRPK,
TERG_07061 na presenca da SRT sugere que a isoforma alternativa pode
compensar a repressao da expressao do gene provocada pelo farmaco.

O reposicionamento da SRT pode ser vantajoso para 0 combate de infeccdes

causadas pelo dermatofito T.rubrum.
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Abstract: The dermatophyte Trichophyton rubrum is responsible for most human cutaneous infections.
Its treatment is complex, mainly because there are only a few structural classes of fungal inhibitors.
Therefore, new strategies addressing these problems are essential. The development of new drugs
is time-consuming and expensive. The repositioning of drugs already used in medical practice
has emerged as an alternative to discovering new drugs. The antidepressant sertraline (SRT) kills
several important fungal pathogens. Accordingly, we investigated the inhibitory mechanism of SRT
in T. rubrum to broaden the knowledge of its impact on eukaryotic microorganisms and to assess its
potential for future use in dermatophytosis treatments. We performed next-generation sequencing
(RNA-seq) to identify the genes responding to SRT at the transcript level. We identified that a major
effect of SRT was to alter expression for genes involved in maintaining fungal cell wall and plasma
membrane stability, including ergosterol biosynthetic genes. SRT also altered the expression of genes
encoding enzymes related to fungal energy metabolism, cellular detoxification, and defense against
oxidative stress. Our findings provide insights into a specific molecular network interaction that
maintains metabolic stability and is perturbed by SRT, showing potential targets for its strategic use
in dermatophytosis.

Keywords: RNA-seq; drug repositioning; dermatophyte; membrane damage; oxidative stress; ergos-
terol; sertraline; Trichophyton rubrum

1. Introduction

Dermatophytoses are skin infections caused by fungi. These dermatophytes are asso-
ciated with keratinized tissues, such as skin, hair, and nails. Although dermatophytes do
not usually cause deep lesions, the disease can progress to severe acute illness in hosts with
poor immune protection [1]. Trichophyton rubrum is responsible for most onychomycosis
cases in humans worldwide [2].

The number of antifungal agents available for the treatment of dermatophyte infections
is limited. The most used drugs converge to a similar mechanism of action in fungal cells,
targeting ergosterol biosynthesis. Consequently, intense selective pressure is exerted on
clinical isolates, leading to the emergence of strains that are resistant to available drugs [3,4].

The development of new antifungal drugs is limited by the similarities between fungal
and host cells, which restrict the number of cellular targets [4]. Furthermore, the time-
consuming efforts and elevated costs required to achieve effective drugs engender the need
to exploit alternatives for the management of fungal infections [4,5]. One approach is to
evaluate the potential use of non-antifungal drugs as antifungals [6].

Numerous drugs used to treat non-infectious conditions such as inflammation, car-
diovascular diseases, or depression are known to exhibit antimicrobial activities. The
selective serotonin reuptake inhibitor (SSRI) sertraline (SRT), commonly used as an antide-
pressant, was revealed to have antifungal activity [7-10]. Furthermore, this drug interacts
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synergistically in vitro with antifungals such as azoles, caspofungin, and amphotericin
B, indicating its potential use as an adjuvant in treating fungal infections [11-15]. This
synergistic association could decrease drug dosages and emerging drug resistance rates [6].

In the mammalian nervous system, SRT inhibits serotonin (5-hydroxytryptamine,
5-HT) reuptake, releasing serotonin into the synaptic cleft [16]. In addition, the drug
enhances 5-HT synthesis by increasing the expression of tryptophan hydroxylase, the
enzyme responsible for converting L-tryptophan to 5-HT [17]. SRT targets the serotonin
transporter (5-HTT) responsible for 5-HT reuptake into presynaptic neurons in human cells.
Interestingly, there is no conserved homolog of the 5-HT transporter in fungi, highlighting
the occurrence of secondary targets for this drug [11]. However, the mechanisms underlying
the antifungal activity of SRT remain unclear. It has been proposed that SRT intercalates
into the phospholipid membranes of V-ATPase-acidified organelles [18]. Moreover, it is
possible that the potent antifungal activity against Cryptococcus neoformans could also be
driven by the inhibition of protein synthesis and/or other actions interfering with lipid
metabolism [10,11].

Here, we evaluated the effects of sub-lethal doses of SRT against the dermatophyte T.
rubrum through RN A-seq analysis. Our findings revealed changes in the comprehensive
induction of the cellular antioxidant system, membrane transport-associated genes, and
biosynthetic genes, resulting in changes in the cell membrane.

2. Materials and Methods
2.1. Strain and Culture Conditions for RNA-Seq Analysis

T. rubrum strain CBS118892 from the Westerdijk Fungal Biodiversity Institute (formerly
CBS-KNAW Collections), The Netherlands, was maintained on malt extract agar (2%
glucose, 2% malt extract, 0.1% peptone (w/), pH 5.7). Conidial suspensions were obtained
by flooding 21-day-old plates with sterile 0.9% NaCl, recovering the liquid, mixing by
vortexing, and filtering through glass wool. We estimated the conidial concentration by
counting in a Neubauer chamber. Approximately 1 x 10° conidia were inoculated into
100 mL Sabouraud dextrose broth (SDB; 2% (w/v) glucose, 1% (w/v) peptone) and incubated
with agitation (120 rpm) at 28 °C for 96 h. Next, we aseptically transferred mycelia into
new flasks containing 100 mL SDB media with 70 pg/mL of SRT hydrochloride (Cayman
Chemical Co., Ann Arbor, MI, USA), corresponding to 70% of the minimal inhibitory
concentration (MIC) [15], and in the absence of drugs (control). After 3 or 12 h of incubation
at 28 °C with agitation, the resultant mycelia were collected, quick-frozen, and stored at
—80 °C until RNA isolation.

2.2. RNA Isolation and cDNA Library Construction

Total RNA was isolated from ~100 mg mycelia using the Illustra RNAspin mini RNA
isolation kit (GE Healthcare, Chicago, IL, USA). RNA concentrations were determined
using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). RNA quality was verified by agarose electrophoresis and an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). Equal amounts of RNA from three indepen-
dent biological replicates at each time point (3 and 12 h) were used for cDNA synthesis
using the TruSeq RNA library kit (Illumina, San Diego, CA, USA) and sequenced using
Illumina technology (HiSeq 2000 sequencer) according to the manufacturer’s instructions.
Paired-end reads were 150 bp in size.

2.3. Transcriptome Analysis

Raw read data obtained were filtered for quality control using the FastQC tool and
trimmed using Trimmomatic [19] to remove adapters and Illumina-specific sequences.
Trimmed paired-end reads from each sample were aligned to the reference genome using
the STAR aligner [20]. We inspected the average coverage of transcripts and alignments
using the Interactive Genomics Viewer (IGV) software [21]. We generated gene-level read

89



J. Fungi 2023, 9, 275

30f17

counts by STAR using the quantModeGeneCounts option. Differential expression was
analyzed using the DESeq2 Bioconductor package [22].

After the above, the Benjamini-Hochberg correction was applied (p < 0.05) [23], and a
cutoff threshold of +1.5 log2 fold change was set to reveal statistically significant expression
differences (genes surpassing these thresholds are referred to as differentially expressed
genes (DEG)) [24]. We functionally categorized them using Gene Ontology (GO) terms
assigned by the Blast2GO algorithm. Highly represented categories were determined by
enrichment analysis using the BayGO algorithm [25].

2.4. Data Analysis and Gene Selection

We predicted transporter-associated domain-containing proteins in the T. rubrum CBS
118892 genome sequence using the HMMER v3.1 b2 pipeline [26]. We built the hidden
Markov model (HMM) utilizing a Pfam [27] multiple alignment-based search of 55 se-
quences corresponding to the ABC domain-containing proteins and another Pfam multiple
alignment-based search of 192 sequences corresponding to the MFS (major facilitator su-
perfamily) domain-containing proteins, both from different organisms (https://pfam.xfam.
org/family /PF00005 and https:// pfam.xfam.org/ family /PF07690, respectively—accessed
on 10 June 2022). The resulting models with epitopes of the consensus sequences of
transporter-associated domain-containing proteins were used to search for homologs in T.
rubrum protein sequences. In addition, we identified proteins using the keywords “trans-
porter”, “transcription factor”, and “kinase” in Ensembl Fungi (https: //fungi.ensembl.org).
We compared the gene codes for specific proteins with the DEGs identified in RNA-seq.

2.5. cDNA Synthesis and RT-qPCR Analysis

We treated total RNA with DNase I (Sigma-Aldrich, Milwaukee, WI, USA) to remove
residual genomic DNA and generate complementary DNA (cDNA) using a High-Capacity
cDNA Synthesis Kit (Applied Biosystems, Foster City, CA, USA). We performed RT-qPCR
with a StepOnePlus Real-Time PCR system (Applied Biosystems). Reactions were run in
12.5 pL with Power SYBR Green PCR Master Mix (Applied Biosystems), 70 ng template
cDNA, and forward and reverse primers (Table S1). We used glyceraldehyde-3-phosphate
dehydrogenase (gapdh) and DNA-dependent RNA polymerase II (rpb2) as internal con-
trols [28]. Thermocycler conditions included an initial PCR step at 95 °C for 10 min,
followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min. Data were obtained from three
independent replicates. The 224! relative expression quantification method was used to
calculate gene responsiveness [29]. For RNA-seq validation, we used 3 h and 12 h without
SRT as the reference samples. Statistical analyses were performed using a t-test followed
by Tukey’s post-hoc test using GraphPad Prism v. 5.1 software (GraphPad, La Jolla, CA,
USA). A significance level of 95% was considered; therefore, the measures were statistically
different at p < 0.05.

2.6. Quantitation of Ergosterol Content

The T. rubrum strain CBS118892 was cultivated on Sabouraud dextrose agar (SDA)
for 17 days at 28 °C. The mycelia were transferred to 50 mL of SDB for 24 h at 28 °C
with agitation (200 rpm). After this period, the mycelium was recovered, inoculated in
20 mL of SDA containing a sub-inhibitory concentration of SRT (6.25 ug/mL), ketoconazole
(KTC, 4 ug/mL; Sigma-Aldrich), or amphotericin B (AMB, 1.25 ug/mL; Sigma-Aldrich),
and incubated for 48 h at 28 °C, 200 rpm. Mycelia were also inoculated in SDA without
drugs (control). The resulting mycelia were filtered, the dry weight was measured, and the
ergosterol content was determined following the protocol described by Arthington-Skaggs
etal. [30], with modifications [31]. Briefly, 3 mL of 25% alcoholic potassium hydroxide solu-
tion was added to the dried mycelia and mixed by vortexing for 5 min. We incubated the
mycelium at 85 °C for 1 h. The tubes were cooled to room temperature and sterile distilled
water (1 mL) and 3 mL of n-heptane were added, followed by vigorous vortex mixing for
5 min. The heptane layer was transferred to a clean polystyrene tube, and a 20 uL aliquot
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was diluted five-fold in 100% ethanol and scanned in a spectrophotometer between 230 and
300 nm. All assays were performed in triplicate. Both 24(28)-dehydroergosterol (a sterol
pathway intermediate) and ergosterol absorb at 281.5 nm, but 24(28)-dehydroergosterol also
absorbs at 230 nm, which was subtracted from the absorbance obtained at 281.5 nm [31]. We
calculated the reduction in ergosterol content as the difference in the treatments compared
to the growth control samples based on a standard curve of various concentrations of
standard ergosterol (Sigma-Aldrich). The results are expressed as a percentage of ergosterol
content compared with the growth control. One-way ANOVA was used to determine the

amount of ergosterol in the control with the treatments, followed by Tukey’s post-hoc test.

Statistical significance was set at p < 0.05, and Prism v. 5.1 software was used to generate
graphs and perform statistical analyses.

3. Results
3.1. Transcriptional Profiling of Trichophyton rubrum Challenged by SRT

We used next-generation sequencing to comprehensively analyze the T. rubrum global
transcriptome in response to sub-lethal doses of the antidepressant SRT at two different time
points. Approximately 535.5 million high-quality reads of 150-bp paired-end sequences
were obtained (Table S2). In response to SRT exposure, 169 and 1197 genes were modulated
at 3and 12 h, respectively, when compared to the expression levels of the control. Three
hundred seventy-two genes were modulated at both time points, totaling 1738 genes that
were responsive to SRT (Figure 1A). SRT differentially upregulates more genes than it
represses after 3 h of treatment. This profile was inverted at 12 h exposure with a less
expressive difference between up- and downregulated genes compared to the 3 h time
point (Figure 1B). We list the products of all genes modulated in response to SRT for each
drug exposure time in Table S3 and present the most significantly up- and downregulated
genes in Table 1.

A
3h 12h
169 372 1197
B
Condition Total genes Up-regulated Down-regulated
3h 541 452 89
12h 1569 768 801

Figure 1. SRT-induced differential gene expression. (A) Venn diagram presenting the time-dependent
differential expression of 1738 genes after exposure to sub-lethal dose of SRT for 3 h and 12 h compared
to the control samples without SRT. (B) Total up- and downregulated genes in each experimental
condition.
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Table 1. The most significantly up- or downregulated genes.

Upregulated log, (Fold Change)
ID Gene Product Name 3h 12h
TERG_06548  hypothetical protein (oxidoreductase, M. canis) 10.86 11.80
TERG_00785  endoplasmic reticulum vesicle protein 25 8.60
TERG_01782 hypothetical protein 8.34 9.02
TERG_00010 amidase family protein (T. verrucosunt) 8.72
TERG_03829  FAD binding domain-containing protein (T. equinumni) 6.92
TERG_04952  multidrug resistance protein (T. equinum) 6.87 7.69
TERG_08954  hypothetical protein 6.61
TERG_06106 sulfate permease 2 (T. fonsurans) 6.45
TERG_08751 ABC multidrug transporter, putative (A. benhamiae) 5.82 6.33
TERG_01543  S-adenosylmethionine (SAM)-dependent methyltransferase (M. gypseuni) 542 7.48
TERG_08041 aminotransferase, putative (A. benhamiae) 542
TERG_04937 alpha /beta hydrolase (T. equinum) 541 6.40
TERG_07830  hypothetical protein 5.41 8.22
Downregulated logz (Fold Change)
ID Gene Product Name 3h 12h
TERG_02653  hypothetical protein —6.21
TERG_02652  O-methyltransferase, putative (T. verrucosum) —491
TERG_04066 filamentation protein (Rhfl), putative (T. verrucosum) —4.67
TERG_02959  hypothetical protein —4.16
TERG_05816  hypothetical protein —3.74
TERG_02650 ~ NmrA family protein (T. equinum) —3.56
TERG_12339  hypothetical protein -3.31
TERG_01619 toxin biosynthesis protein (Tri7), putative (T. verrucosum) -3.20
TERG_00490 erythromycin esterase (T. fonsurans) -3.13
TERG_03826  hypothetical protein -2.77
TERG_02959  hypothetical protein -5.90
TERG_11536  hypothetical protein —5.69
TERG_11771 hypothetical protein —5.51
TERG_04742  hypothetical protein -5.29
TERG_01148  hypothetical protein -5.26
TERG_00490  erythromycin esterase (T. tonsurans) —5.24
TERG_03919  phytoene dehydrogenase (T. equinunt) -5.20
TERG_01599  hypothetical protein —4.95
TERG_12035 NB-ARC and TPR domain protein (A. benhamiae) —4.87
TERG_11963 hypothetical protein —4.79

The functional categorization of the modulated genes was performed using Blast2Go,
which revealed the molecular mechanisms by which T. rubrum senses and responds to
the challenge of SRT presence (Figure 2). Gene function analysis using GO enriched
mainly molecular function terms after 3 h of treatment. Genes associated with catalytic

and hydrolase activities and those related to transmembrane transport were upregulated.

The oxidoreductase activity induces or represses many genes after 3 h of drug exposure

(Figure 2A). The upregulated membrane-associated genes and downregulated genes as-

sociated with the oxidation-reduction process increased at 12 h compared to those after 3

h of treatment. The terms related to translation were all inhibited at the 12 h time point.

The number of genes associated with hydrolase activity and transmembrane transport
increased compared to those in the 3 h condition, remaining induced in response to 12 h of

SRT exposure (Figure 2B).
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Figure 2. Gene ontology-based functional categorization of the most representative differentially
expressed genes. The red and green bars indicate the number of up- and downregulated genes
modulated by T. rubrum in response to SRT (p < 0.05). Results show genes after (A) 3hand (B) 12h
drug exposure compared to the control without SRT.

To validate the RNA-seq results, we randomly selected 15 genes from the differentially
expressed genes related to processes such as catalytic activity, transferase activity, and
transmembrane transport (Figure 3). The RT-qPCR data and corresponding RNA-seq
values obtained from biological replicates (Table 2) confirmed the reliability of the results
(Pearson’s correlation, r > 0.92, p < 0.001).
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Figure 3. Validation by RT-qPCR of 15 genes differentially expressed in response to SRT exposure.
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determined by the t-test followed by Tukey’s post-hoc test (* p < 0.05; ** p < 0.01; *** p < 0.001). The

identification of each gene is listed in Table 2.

Table 2. Comparison of the gene expression levels assayed by RNA sequencing and RT-qPCR.

ID Condition Gene Product Name RNA-seq RT-qPCR
TERG_11735 3h microtubule-associated protein (T. tonsurans) —-24 —-141
TERG_07544 3h lipase (T. fonsurans) 2.02 113
TERG_06673 3h pachytene checkpoint component Pch2 (T. tonsurans) 2.0 0.70
TERG_01762 3h sulfite reductase (NADPH) hemoprotein beta-component 214 199
TERG_05522 3h lysophospholipase (T. equinumn) 155 097
TERG_11924 12h ankyrin repeat protein (T. fonsurans) 3.85 1.06
TERG_06548 12h hypothetical protein (oxidoreductase, M. canis) 11.8 8.63
TERG_03936 12h CAMK protein kinase —4.19 —-0.09
TERG_06540 12h glutathione S-transferase (T. fonsurans) —-3.4 —-0.07
TERG_07570 12h G-protein signaling regulator putative (T. verrucosunt) —3.47 -070
TERG_04234 12h hydrophobin putative (T. verrucosum) -3.41 -198
TERG_07539 12h multidrug resistance protein (T. tonsurans) -172 -161
TERG_03815 12h subtilisin-like protease 3 1.78 146
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3.2. SRT Interferes with T. rubrum Signaling and Regulation

Few kinase- and transcription factor-coding genes were modulated in response to
SRT. The T. rubrum kinome (protein kinase superfamily members) is predicted to comprise
170 coding genes [32]. In our results, 81 kinases were modulated (Figure S1), coding
chiefly for serine/threonine—protein kinases and kinases belonging to the CMGC (cyclin-
dependent kinases (CDKs)) group. Among the 15 serine/threonine-protein kinase genes
modulated, only TERG_07509 was repressed after 12 h of treatment. Among the eight
CMGC-type kinases modulated by SRT exposure, TERG_12259 (CMGC/CLK protein
kinase), TERG_05893 (CMGC protein kinase), and TERG_07061 (CMGC/SRPK protein
kinase) were repressed. The latter two belong to the SRPK family and are active in the
regulation of splicing by phosphorylation [33]. SRPKs act synergistically with CLK protein
kinases, a family of Cdc2-like kinases that can auto-phosphorylate tyrosine residues, but
phosphorylate their substrates exclusively on serine/threonine residues. The associated
activity of SRPKs and CLK proteins phosphorylates SR (serine/arginine-rich) proteins,
which mediate the phosphorylation of SR proteins and direct pre-mRNA splicing [34].

The comparative evaluation between anthropophilic and zoophilic dermatophytes
revealed that only kinases and transcription factor Interpro (IPR) domain families were
enriched in anthropophilic dermatophytes, suggesting that the modulation of signaling
pathways and transcriptional regulation are key factors in host specificity [32]. Here,
the reduced number of transcription factors modulated in response to SRT challenge
(Figure S2) suggests the restrained infective potential of T. rubrum under SRT exposure.
Most modulated transcription factors code for zinc finger domain-containing proteins and
are preferentially repressed, mainly after 12 h of SRT exposure (including TERG_02532,
TERG_01042, and TERG_05497), for which transcript accumulation increased over time.

3.3. Cell Wall and Membrane Structure Are Affected by SRT

SRT modulates the expression of genes associated with the formation of glucans and
chitins, which are important structural polysaccharides in the fungal cell wall. These genes
include endoglucanases (TERG_08178, TERG_03353, TERG_06189, and TERG_04268), chiti-
nases (TERG_05626 and TERG_05625), and chitin synthases (TERG_12318 and TERG_12319).
While glucan-related genes were predominantly induced after 12 h of treatment, chitin-
associated genes were repressed after 12 h of SRT challenge. The hydrophobin-coding gene
(TERG_04234) was repressed after only 12 h of SRT exposure.

Furthermore, SRT was found to downregulate the expression of genes encoding
components of the ergosterol biosynthetic pathway in T. rubrum. After 12 h, the genes that
code for diphosphomevalonate decarboxylase (erg19; TERG_07616), C-8 sterol isomerase
(erg1; TERG_06755), c-14 sterol reductase (erg24; TERG_04382), C-4 methylsterol oxidase
(erg25; TERG_08545), ergosterol biosynthesis protein erg28 (TERG_04740), and sterol 24-C-
methyltransferase /Delta (24(24[1]))-sterol reductase (erg4; TERG_06528/TERG_03102) were
downregulated. The squalene epoxidase-coding gene (ergl; TERG_05717) was repressed
after 3 and 12 h. The ergosterol dosage confirmed the inhibition of the biosynthetic pathway
activity (Figure 4).

SRT, a cationic amphiphilic drug (CAD), causes drug-induced phospholipidosis (DIP)
during excessive phospholipid storage within the lysosomes [18]. We observed the modu-
lation of sphingomyelinase D (TERG_01406), lysosomal phospholipase A2 (TERG_03747),
B (TERG_05522), and D (TERG_05303), and upregulation of secretory phospholipase A2
(TERG_00127).

Exposure to SRT led to the accumulation of transcripts of genes related to membrane
transport. The number of modulated genes increased over time. Most downregulated
genes at both time points are MFS transporters (3 of the 4 downregulated genes after 3 h,
and 25 genes among the 38 downregulated genes after 12 h of SRT challenge). Among the
upregulated genes, 23 remained upregulated after 3 and 12 h of drug challenge (Figure S3).

95



J. Fungi 2023, 9, 275

90of 17

100

75 A

50 1

*ox

254

% of ergosterol/g of mycelium

0 -

Control AmB K'i'C SIT?T

Figure 4. Effect of SRT on ergosterol content as a percentage of the wet weight of T. rubrum. Absence
(negative control) and presence of amphotericin B (AMB, 1.25 g /mL), ketoconazole (KTC, 4 pg/mL)
(positive controls), and SRT (6.25 ug/mL). We tested the antifungals AMB and KTC at the minimal
inhibitory concentration and the antidepressant SRT at a sub-inhibitory concentration. Asterisks
represent statistical difference *p < 0.05 and ** p < 0.01 related to the control.

3.4. SRT Affects the Transcription of Oxidative Stress Genes in T. rubrum

Through upregulating the glutathione S-transferase (GST) genes (TERG 03390, TERG
04960, TERG 01405, TERG 07326, TERG 02041, TERG 00579, TERG 08208, and TERG 05135),
T. rubrum could have an altered oxidative stress response when exposed to SRT. These
genes participate in the sequestration of endogenous or xenobiotic compounds [35]. In the
presence of SRT, two other GST genes (TERG_06540 and TERG_06578), as well as genes
encoding catalase A (TERG_01252) and Fe-superoxide dismutase (TERG_04819), were
downregulated. Additionally, SRT upregulated the gene encoding thioredoxin reductase
(TERG_08849) and downregulated the thioredoxin gene (TERG_05849). Thioredoxins
(TRX) are small ubiquitous redox proteins that play key roles in redox signaling and
oxidative stress responses. The genes responsible for the conversion of melatonin into
two metabolites, 6-hydroxymelatonin and N-acetyl-N-formyl-5-methoxykynuramine, were
also upregulated by SRT (Figure 5). Finally, the most induced gene at both time points
(TERG_06548) was an oxidoreductase ortholog identified in Microsporum canis.

3.5. Effect of SRT on T. rubrum Metabolism

SRT apparently interferes with the primary metabolism of T. rubrum. While genes in-
volved in glycolysis are repressed, the genes involved in the glyoxylate cycle, ethanol
and glycerol biosynthesis, and glycogen debranching are induced. The drug makes
T. rubrum deviate from standard carbon metabolism to alternative pathways based on
gene expression patterns (Figure 6). This repressive effect on glycolysis pathway genes
counteracts the initial step performed by hexokinase (TERG_03229), which is induced.
Metabolic reprogramming induced the expression of glyoxylate cycle-associated genes
(TERG_11639, TERG_01281, TERG_08288, and TERG_08287) and glycerol biosynthesis
genes (TERG_07273, TERG_12172, and TERG_12173). Additionally, SRT modulated ethanol-
and glycerol-catabolism-related genes and induced a debranching enzyme (TERG_06681).
This enzyme facilitates the breakdown of glycogen, which serves as a store of glucose.
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uridine diphosphate galactose; UDP-glucose: uridine diphosphate glucose; DHAP: dihydroxyacetone
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4. Discussion

In addition to its use as an antidepressant, SRT has also been explored for other thera-
peutic applications. In vitro and in vivo studies have demonstrated its potential application
in treating osteomyelitis infection [38] and cancer [39]. Furthermore, SRT presents antipar-
asitic [40], antibacterial [41], and antifungal activities against various pathogenic fungi,
including C. neoformans [10,11], Aspergillus fumigatus [7], Trichosporon asahii [12], Sporothrix
schenckii [9], and T. rubrum [15]. Through a drug repurposing approach, novel therapeutic
options can rapidly enter clinical practice, as their safety and pharmacokinetics have been
validated previously in patients. SRT is also effective alone or as an adjuvant therapeutic
agent against fungal biofilm formation in vitro [15]. The synergistic effects of SRT com-
bined with antifungals such as amphotericin B, caspofungin, or fluconazole have been
documented in vitro [11-13,15]. Despite the potential therapeutic use of SRT in association
with these drugs to control fungal infections, some are preferentially used intravenously.

4.1. SRT Affects Cell Signaling and Transcription in T. rubrum

Enrichment of the serine/threonine protein kinase domain (IPR002290), the catalytic
domain of the protein kinase tyrosine, and the Zn(2)- C(6) fungal-like DNA-binding domain
(IPR001138) has been reported in fungal anthropophilic organisms [32]. The transcriptional
profile of T. rubrum after being challenged with SRT provided evidence that both kinases
and transcriptional regulation-associated genes, when modulated, were preferentially
induced, mainly at 12 h.

Phosphorylation by protein kinases is a critical mechanism that tunes cell activities,
such as proliferation, metabolism, apoptosis, and gene expression. Cells possess thousands
of kinases that phosphorylate specific sites in response to precise and controlled interac-
tions [42]. The observed induced kinase modulation resulting from SRT exposure suggests
the activation of specific signaling pathways. Our results indicate the activation of splicing
events through the reversible phosphorylation of SR proteins. These phosphorylation
events are dependent on both the SRPK and CLK families. The SRPK family of kinases
phosphorylates SR proteins, promoting the nuclear import of SR proteins. Once in the
nucleus, SR proteins may be further phosphorylated by the CLK family of kinases, which
comprises a sequence of events essential for pre-mRNA splicing [33].

Conversely, the restricted number of protein kinase-coding genes modulated, consid-
ering the predicted whole kinome, implies the putative deactivation of other pathways.
This deactivation strategy may represent a demand for energy conservation supported by,
for example, the downregulation of ribosome biogenesis (Figure 2). Ribosome biogenesis
is energetically expensive for cells. Consequently, unfavorable environmental conditions
inhibit such processes [43].

Transcription factors are also associated with host specificity in dermatophytes [32]. We
observed that a small number of transcriptional regulators were modulated, most of which
had a zinc finger structural motif. Cells use transcription factors to dictate gene expression
rates and regulate transcriptional networks [44]. Considering the relevance of transcription
factor regulation and its key role in anthropophilic dermatophyte pathogenesis, we assume
that drug challenge directly regulates transcription, possibly limiting energy expenditure
under unfavorable conditions.

4.2. SRT Disturbs T. rubrum Cell Wall and Membrane

The fungal cell wall is a rigid layer with high plasticity that is essential for maintaining
intracellular osmotic pressure [45]. 3-1,3-glucan, chitin, and glycoproteins are primarily
responsible for interactions between the cell and the environment. This wall is associated
with a cell membrane that is predominantly composed of glycerophospholipids, sterols, and
sphingolipids. Several molecules that form cell walls and membranes are exclusive to fungi
and constitute suitable targets for antifungal development [45-47]. SRT exposure affects
the expression of hydrolytic enzyme-coding genes in T. rubrum, which may contribute to
changes in the cell wall structure.
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Additionally, the repression of a beta-1,6 glucan synthetase that acts as a glycosidic
linker suggests an imposed instability in cell wall assembly [48]. The overall repressive
effects of SRT on the transcript levels for chitin synthases and chitinases may function
as a compensatory mechanism to maintain cell wall integrity. This modulatory profile is
similar to the effects of echinocandin antifungal agents on fungal cells. Echinocandins
target the 3-1,3-glucan synthase gene, deplete the glucan content of the cell wall, and
increase chitin content.

Genes associated with ergosterol biosynthesis were downregulated after 12 h exposure
to SRT, revealing that SRT affects plasma membrane properties. Moreover, SRT reduced
ergosterol levels compared with amphotericin B and ketoconazole, which were used as
positive controls (Figure 4). Amphotericin B complexes with ergosterol [49], whereas keto-
conazole is a potent inhibitor of ergosterol biosynthesis [3]. Ergosterol modulates fluidity
and permeability, interfering with water penetration [50]. The resultant alteration in the
plasma membrane, together with the differential modulation of cell-wall-associated genes,
suggests the occurrence of osmotic stress with alterations in the ergosterol composition of
lipid bilayers, providing insights into the antifungal activity of SRT against T. rubrum.

Phospholipase A, and sphingomyelinase D activities are downregulated after 12 h
treatment with SRT. Lysosomal phospholipase A, inhibition robustly correlates with drugs
causing phospholipidosis [51], whereas the enzyme acid sphingomyelinase has been inves-
tigated as a potential target for antidepressant action [52]. Conversely, phospholipase B
is upregulated at the initial SRT exposure, and phospholipase D is upregulated over time.
Phospholipase B has hydrolase activity that cleaves fatty acids from phospholipids and
lysophospholipids [53]. Phospholipase D comprises enzymes responsible for generating
phosphatidic acid (PA), a putative secondary messenger implicated in the regulation of
vesicular trafficking [54]. We observed that SRT also modulated genes involved in vesicular
trafficking, including the induction of V-SNARE-coding genes (TERG_06294, TERG_07174)
and the endoplasmic reticulum vesicle protein (TERG_00785) 25,388-fold induced after
3 h (log2 = 8.6). The secretory system of T. rubrum is essential for pathogenesis. Several
keratinolytic enzymes are involved in the breakdown of keratin molecules, which may be
assisted by ammonia and urea secretion [55]. The extra-vesicular content of T. rubrum is still
not well understood. However, the vesicles of the dermatophyte Trichophyton interdigitale
modulate the host immune response [56].

Besides affecting the cell wall structure and composition, global transcriptional anal-
ysis in response to SRT demonstrated the induction of drug resistance genes, mainly of
the MFS genes, as a cellular stress response. The MFS is one of the largest groups of
secondary active transporters and plays multiple roles in transporting a broad range of
substrates, including sugars, amino acids, and drugs. The overall upregulated profile
suggests a detoxification activity that increases with time since this family of proteins
includes those encoding drug resistance transporters. However, at the 12 h time point, the
downregulation of specific genes could represent an attempt to retain molecules such as
phosphate (TERG_05891; MFS phosphate transporter) or monosaccharides (TERG_12194,
TERG_04308; MFS sugar transporter), aiming to overcome the toxic drug effects.

4.3. SRT Overbalances Oxidative Stress Response

After 3 h of exposure to SRT, T. rubrum induced the expression of glutathione S-
transferase genes to overcome its toxic effects. GSTs are small cytosolic proteins that contain
a redox-active sulthydryl group and are involved in cellular detoxification. Xenobiotics and
endogenous products of oxidative stress are conjugated to glutathione (GSH) and secreted
through vacuoles [57]. Endogenous toxic metabolites are removed through GSH-dependent
detoxification processes. Thus, it confers protection against formaldehyde produced by
methanol metabolism or against methylglyoxal, a byproduct of glycolysis [58,59]. Drug
interactions with GSTs also facilitate their detoxification through GSH conjugation [60].

However, after 12 h of drug exposure, the downregulation of two glutathione trans-
ferase genes may reduce the efficiency of xenobiotic extrusion. Simultaneously, SRT down-
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regulates Fe superoxide dismutase and catalase A genes, which neutralize reactive oxygen
species (ROS).

The genes encoding thioredoxin and thioredoxin reductase were oppositely modulated
after 12 h of SRT exposure. The thioredoxin/thioredoxin reductase system (Trx/TrxR)
confers redox homeostasis to fungal cells [61]. Because SRT downregulates TrxR, the control
of the cellular redox balance remains compromised. In A. fumigatus and C. neoformans,
the TrxR-encoding gene is essential for growth under in vitro conditions and shows weak
homology to its human ortholog, making it a potential antifungal target [60,62].

Saccharomyces cerevisiae subjected to oxidative stress induced by HO, shows increased
TRX transcription; melatonin, an antioxidant agent, partially mitigates oxidative stress
by enhancing TRX mRNA accumulation in cells exposed to H,O, [63]. Here, the upreg-
ulation of the genes encoding the enzymes responsible for the conversion of melatonin
into its metabolites indicates a decrease in melatonin availability (Figure 5), followed by
the upregulation of the Trx gene and the downregulation of TrxR. These data support the
speculated dependency between Trx and melatonin availability, suggesting the counter-
balanced expression of the thioredoxin/thioredoxin reductase system under experimental
conditions.

In humans, SSRI drugs increase serotonin levels in synaptic spaces. Based on our
data, SRT increased in T. rubrum transcripts of the gene encoding an aromatic-L-amino acid
decarboxylase (EC 4.1.1.28) slightly below the log2 fold threshold (1.36 fold) (Figure 5).
This enzyme catalyzes the conversion of 5-hydroxytryptophan to serotonin [36,37]. In
Aspergillus spp., serotonin can directly kill fungi in vitro [64].

4.4. SRT Imposes Dynamic Metabolic Modulation

The overall profile showed flexibility in metabolic modulation in response to the toxic
effect of SRT, activating alternative carbon metabolism. In general, microorganisms deplete
preferred nutrients such as glucose by activating a regulatory cascade that represses the
consumption of alternative carbon sources such as maltose, galactose, or ethanol [65]. The
induction of a glycogen debranching enzyme and sugar transporters indicates the cellular
effort to release glucose through glycogen degradation in response to energy deficiency.
In our results based on analyses of transcript levels, although glucose is available (at
least through glycogen metabolism) and the enzyme hexokinase is induced, activating the
initial step of glycolysis that is responsible for the phosphorylation of glucose by ATP to
glucose-6-P, the glycolytic fluxes are not directed downward toward the synthesis of two
2-phosphoenolpyruvate molecules. Carbon catabolite repression (CCR) is a mechanism
that handles the utilization of an energy-efficient and readily available carbon source
preferentially over a relatively less easily degradable carbon source. This mechanism
helps microorganisms to obtain the maximum amount of glucose to provide carbon for
biosynthetic processes [66]. We hypothesize that T. rubrum triggers a different strategy
in response to SRT challenge, overcoming CCR and redirecting gene expression patterns,
activating genes responsible for the catabolism of less favored carbon sources. A glucose
reservoir may, somehow, counteract the harmful effects caused by SRT exposure.

SRT treatment resulted in the repression of genes encoding glycolytic enzymes and
an increase in the transcript levels of genes involved in alternative carbon utilization
pathways, including the glyoxylate cycle. The induction of isocitrate lyase (TERG_11639)
and malate synthase, glyoxysomal (TERG_01281) at the 3 h time point, and ATP-citrate
synthases (TERG_08288/7) after 12 h drug exposure show the anabolic activity of the
glyoxylate cycle counterbalancing glycolysis downregulation. The induction of the same
isocitrate lyase (TERG_11639) at 48 and 96 h of T. rubrum incubation in keratin as the sole
carbon source [55], coupled with the repression of genes related to glycolysis, suggests
the promotion of a virulence response under both conditions. Glyoxylate cycle activation
is directly associated with fungal pathogenicity [67,68]. Specifically, isocitrate lyase is a
key enzyme in the glyoxylate cycle [69]. Our results suggest that the metabolic flexibility
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observed in T. rubrum in vitro presumably contributes to its fitness and pathogenicity
in vivo.

Based on transcriptional profiling, we hypothesize that SRT induced ethanol metabolism
via alcohol dehydrogenase activity, and glycerol metabolism via glycerol kinase modulation.
Transcript accumulation of pyruvate decarboxylase (TERG_00758) slightly below the log2
fold threshold (corresponding to 1.47 fold) suggests the enzymatic catalysis of pyruvic acid
to acetaldehyde and the subsequent ethanol production. Pyruvate decarboxylase catalyzes
the decarboxylation of pyruvate to acetaldehyde with the release of carbon dioxide and is a
key enzyme in ethanol fermentation [70]; thus, it directs the metabolic activity of T. rubrum
to different alternative carbon pathways in response to SRT exposure.

5. Concluding Remarks, Challenges, and Perspectives

The limited number of antifungals available in the market and the increase in anti-
fungal resistance highlight the urgent need for new antifungals with new targets. This
approach requires detailed knowledge of the basic biology of the organism and intracellular
processes essential for its growth and survival in the human host. Here, we assessed the
transcriptional profile of the dermatophyte T. rubrum, focusing on the mechanisms activated
to counteract the antifungal activity of SRT. The repositioning of SRT as an antifungal drug
seems to be reliable from a molecular perspective. This drug targets important molecular
events and metabolic pathways. With our results, it was possible to perceive the depth
of the complexity of the regulatory systems that operate to restore damage but that can
be useful to direct innovative strategies focusing on the weaknesses of dermatophytes,
taking advantage of well-tolerated drugs for human use. SRT challenge analysis provided
clues to understand the response and adaptive mechanisms of T. rubrum to drug exposure.
Although its clinical use as an antifungal agent is promising, further studies are needed to
validate our findings.
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Abstract: Trichophyton rubrum is responsible for several superficial human mycoses. Novel strate-
gies aimed at controlling this pathogen are being investigated. The objective of this study was to
evaluate the antifungal activity of the antidepressant sertraline (SRT), either alone or in combination
with caspofungin (CASP). We calculated the minimum inhibitory concentrations of SRT and CASP
against T. rubrum. Interactions between SRT and CASP were evaluated using a broth microdilution
chequerboard. We assessed the differential expression of T. rubrum cultivated in the presence of SRT
or combinations of SRT and CASP. We used MTT and violet crystal assays to compare the effect of
SRT alone on T. rubrum biofilms with that of the synergistic combination of SRT and CASP. A human
nail infection assay was performed. SRT alone, or in combination with CASP, exhibited antifungal
activity against T. rubrum. SRT targets genes involved in the biosyntheses of cell wall and ergosterol.
Furthermore, the metabolic activity of the T. rubrum biofilm and its biomass were affected by SRT
and the combination of SRT and CASP. SRT alone, or in combination, shows potential as an approach
to minimise resistance and reduce virulence.

Keywords: Trichophyton rubrum; dermatophyte; synergistic combinations; antifungal resistance;
sertraline; caspofungin and biofilm

1. Introduction

Dermatophytosis is a common fungal infection caused by dermatophytes, a class of
non-opportunistic pathogens that obtain nutrients from keratinised tissues such as hair,
skin, and nails. Trichophyton rubrum is a cosmopolitan species often isolated from cutaneous
infections and immunocompromised human hosts worldwide, resulting in severe condi-
tions that may lead to public health issues [1]. It is estimates that dermatophytes affect
approximately 25% of the world population, wherein 30-70% of adults act as carriers who
do not present with clinical manifestations [2]. The damp climate and elevated temperatures
of tropical and subtropical regions contribute to the high rate of dermatophytosis [1].

Treating T. rubrum infections is challenging because only a few therapeutic options,
such as azoles and allylamines that interfere with the ergosterol biosynthesis pathway, are
available. Furthermore, in addition to lengthy and costly treatments, several antifungal
resistance cases have been reported [3]. Primary defence mechanisms of the host include
skin peeling, decreased humidity, skin pH, elevated temperature, and fatty acids. In
contrast, fungi develop adaptive responses to overcome these challenges [4]. Fungi trigger
several mechanisms that overexpress drug efflux pumps, detoxify enzymes, and modify
drug targets, all of which are aimed at tolerating or resisting the effects of antifungals [3,5].
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Additionally, surface-based cell population complexes, termed biofilms, contribute to
drug resistance, mainly by resisting penetration. These complex structures manifest in the
form of an extracellular matrix, characterised by metabolic heterogeneity and upregulated
efflux pump-related genes [6,7]; thus, the tracking and identification of compounds with
antifungal activity are urgently required [8,9]. In this regard, drug repositioning appears
to be an exciting alternative. When repurposing an existing drug for a newer use, drug
characteristics, such as toxicity and pharmacokinetics, must already be established [10].

Combining sertraline (SRT), one of the most prescribed antidepressants explored for
its antifungal properties, with commercial antifungals represents a promising therapeutic
approach that would enhance the therapeutic efficacy [11,12]. SRT significantly reduced
the pulmonary fungal burden associated with Aspergillus fumigatus infection in a murine
aspergillosis model. The same study reported that SRT ensured the survival of 25% of
infected larvae of a Galleria mellonella aspergillosis model, compared to the high mortality
rates observed in infected and untreated larvae [13].

In mammals, SRT selectively inhibits serotonin reuptake by locking the 5-hydroxytryptamine
(5-HT) transporter [14]. In yeast cells, SRT targets the phospholipid membranes of acidic organelles,
which are part of an intracellular vesicle transport system [15]. SRT also exerts antifungal effects by
disrupting translation, thereby inhibiting protein synthesis [11].

A synergistic combination of SRT and amphotericin B improves inhibitory activ-
ity against A. fumigatus. Notably, combining SRT with itraconazole was also synergis-
tic [16]. Essays on Cryptococcus neoformans evidenced the antifungal activity of SRT, either
in monotherapy or in synergic combination with fluconazole [16,17]. In addition, SRT
exhibited synergistic effects against Trichosporon asahii planktonic cells with caspofungin
(CASP) [18].

The activity of CASP against dermatophytes is not well defined. Pioneering works
have demonstrated that CASP shows excellent activity against the dermatophytes T. rubrum,
Trichophyton interdigitale, and Microscoporum canis [19,20]. Another study showed that
CASP promotes several morphological changes, including shortening and induction of
aberrant hyphae growth; however, it has reduced efficacy and incompletely inhibited
in vitro growth [21].

There are few studies demonstrating the CASP effect with other antifungal agents. In
most cases, the combination therapy of CASP with another agent is used for treating infec-
tions caused by the genus Candida [22,23]. In association with farnesol, CASP significantly
inhibited the metabolic activity of Candida parapsilosis cells [24]. CASP, with fluconazole
and posaconazole, is an effective strategy against Candida glabrata [22]. CASP belongs to
a class of antifungal agents known as echinocandins, which inhibit the synthesis of the
fungal cell wall component, beta-(1,3)-D-glucan.

Thus, owing to the necessity of expanding the range of therapeutics available against
dermatophytosis, we hypothesised that SRT combined with CASP might help minimise
drug resistance. Furthermore, we evaluated the expression of genes associated with the
resistance of T. rubrum to SRT alone and its combination with CASP.

2. Materials and Methods
2.1. Strain and Growth Conditions

The T. rubrum strain, CBS118892 (Westerdijk Fungal Biodiversity Institute, Utrecht,
Netherlands), obtained from a patient with onychomycosis, was cultivated on malt extract
agar (Becton Dickinson, Franklin Lakes, NJ, USA) for 35 days at 28 °C, as previously de-
scribed [25], for total RNA extraction. The fungal suspension was prepared in 0.9% NaCl,
following which the conidia concentration was estimated using a Newbauer chamber.
Approximately 1 x 10° conidia were added to 100 mL of liquid Sabouraud (SB) at pH
5.7 supplemented with 2% glucose and 1% peptone (Becton Dickinson, Franklin Lakes,
NJ, USA), followed by incubation at 28 °C for 96 h under continuous shaking. The re-
sulting mycelia were then transferred to 100 mL of SB in the presence of a sublethal dose
(70 mg /L) of SRT (Cayman Chemical, Ann Arbor, MI, USA), in the presence of a sublethal
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combination (sc) of 0.273 mg/L SRT + 10.93 mg/L CASP (Merck Sharp & Dohme, Sao
Paulo, SF, Brazil), 0.273 mg/L SRT, 10.93 mg/L CASP, and in the absence of drugs (control),
followed by incubation at 28 “C with shaking (120 rpm) for 3 hand 12 h.

2.2. Minimum Inhibitory Concentration (MIC) and Interaction between SRT and CASP

MICs were obtained according to the M38-A reference method recommended by the
Clinical and Laboratory Standards Institute (CLSI) [26], with the following modification:
100 pL of the conidial suspension, amounting to 6 X 10* conidia/mL, was added to
each well in the 96-well microtitre plate. The final conidial concentration was adjusted
to approximately 3 x 10* conidia per well in RPMI 1640 (Sigma-Aldrich, St Louis, MO,
USA) or SB medium. RPMI was buffered with 0.165 M morpholinepropanesulfonic acid
(MOPS) (Sigma-Aldrich), and the pH was adjusted to 7.0. SRT and CASP were prepared
as stock solutions in dimethyl sulfoxide (DMSO, Sigma-Aldrich): SRT (50,000 mg/L); and
CASP (5000 mg/L). Serial dilutions of SRT and CASP were performed in RPMI medium,
buffered with 0.165 M morpholinepropanesulfonic acid (MOPS), or SB medium. The final
concentrations of SRT ranged between 0.78-200 mg/L, whereas those of CASP ranged
between 0.98-250 mg/L. Interactions between SRT and CASP were evaluated using a broth
microdilution chequerboard and quantified using the fractional inhibitory concentration
index (FICI): FICI < 0.5, FICI > 0.5 to < 4.0, and FICI > 4.0 were categorised as synergism,
indifference, and antagonism, respectively [27]. FICIs were calculated for all possible
combinations of different concentrations. The results were expressed as the mean of FICIs.
Assay plates were used to determine MICs, and the broth microdilution chequerboard was
incubated at 28 °C for seven days. Growth controls were performed in wells containing
only the fungal suspension and medium. Individual and combined MICs were defined by
comparison with growth controls performed in wells containing only fungal suspension
and media, with complete growth inhibition. All experiments were performed in triplicate.

2.3. Total RNA Extraction and cDNA Synthesis

Total RNA was extracted from T. rubrum, cultivated in the presence of SRT alone and
SRT combined with CASP, using an Illustra RN Aspin mini-isolation kit (GE Healthcare,
Chicago, IL, USA). Mycelia were ground via mechanical pulverisation using a mortar
and pestle in liquid nitrogen, and RNA samples were treated with RNase-free DNase I
(Sigma-Aldrich). Complementary DNA (cDNA) was synthesised from each condition
containing 1000 ng of total RNA in a 20 uL reaction volume using a High-Capacity cDNA
Synthesis kit (Applied Biosystems, Waltham, MA, USA). Equal amounts of RNA from three
independent biological replicates were used to synthesise cDNA.

2.4. RT-qPCR Analysis

Gene expression was quantified via qPCR using a StepOnePlus Real-Time PCR system
(Applied Biosystems). PCR reactions were performed with specific primer pairs designed
using Prime3Plus software (https: / /www.bioinformatics.nl/cgi-bin/primer3plus/primer3
plus.cgi (accessed on 4 July 2022)) and specificity (Table S1). Each qPCR reaction was
performed using a final volume of 12.5 uL: 0.5 pL primer, 6.25 uL SYBR Green PCR
Master Mix (Applied Biosystem, Waltham, MA, USA), and 70 ng cDNA. The thermocycler
conditions for RT-qPCR were 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and
60 °C for 1min. We selected genes encoding the enzymes glyceraldehyde 3 phosphate
dehydrogenase (gapdh) and DNA-dependent RNA polymerase II (rpb2) as endogenous
controls. Data were derived from three independent replicates, and the 2-AAct method was
used to assess the relative quantification of responsive genes [28].

2.5. In Vitro Biofilm Formation

T. rubrum biofilms were formed according to a previously described method [29], with
some modifications. T. rubrum CBS118892 was grown on malt extract agar for 15 days at
28 °C. The fungal suspension was prepared in 0.9% NaCl, and the conidial concentration
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was adjusted to approximately 1 x 10° conidia/mL. The plates were initially incubated at
37 °C for 4 h without agitation for pre-adhesion.

2.6. Metabolic Activity of the Biofilm by MTT Assay

Following pre-adhesion, treatments consisting of 200 uL each of SRT (12.5 mg/L, and
3.12 mg/L), CASP (15.62 mg/L, and 1.95 mg/L), and SRT + CASP (3.12mg/L + 1.95 mg/L
respectively) prepared in RPMI 1640 medium, supplemented with 2% of glucose, were
added into the wells. Biofilms were prepared at different time points (0, 24, 48, 72, and
96 h). Following each incubation, 2 uL of menadione (Sigma-Aldrich) and 20 uL of MTT
(Sigma-Aldrich) at 5000 mg/L were added to each well. The plates were incubated at
37 °C for 4 h. Colorimetric changes were measured using an ELISA reader (Thermo Fisher
Scientific, Waltham, MA, USA) at 550 nm. A control was prepared by adding 200 uL of
untreated conidial suspension to each well.

2.7. Quantification of In Vitro Biofilm by Crystal Violet

Following pre-adhesion, the supernatant was removed from the wells and washed
thrice with 0.9% sterile saline, after which 200 uL. RPMI 1640 medium supplemented with
2% glucose was added to each well. Three independent biological replicates were incubated
at 37 °C for 72 h for biofilm maturation. Following biofilm formation, culture medium
was removed and treatments comprising 200 uL each of SRT 25 mg/L, SRT 6.25 mg/L,
CASP 62.50 mg/L, CASP 1.95 mg/L, and SRT 6.25 mg/L + CASP 1.95 mg/L were added to
wells. The treatments were prepared in RPMI 1640 medium supplemented with 2% glucose.
Replicates were incubated at 37 °C for 3-7 days. Next, the drugs were removed, and each
well was washed thrice with 0.01 M PBS (pH 7.2), following which 100 uL of crystal violet
solution was added to each well to quantify biomass. Then, each well was washed twice
with sterile water, treated with 100 uL of 95% ethanol and carefully homogenised. The
resulting solution was transferred to a new 96-well plate and read using an ELISA reader
at a wavelength of 550 nm. A control consisting of 200 uL of untreated conidial suspension
was added to each well.

2.8. Assessment of Biofilms in Human Nails

The human nail infection assay was performed as previously described [29], with
some modifications. Human nail fragments (1 mm?) obtained from healthy donors were
initially sterilised by autoclaving and transferred to water agar-containing 24-well plates.
The fragments were infected with 2 mL suspension prepared in sterile saline 0.9% (NaCl),
and conidia concentration was adjusted to approximately 3 x 10* conidia per well. After
4 h of pre-adhesion at 37 °C, the suspension was removed, and each well was washed
thrice with 0.9% sterile saline. Next, 2 mL of 0.9% sterile saline was added to each well,
following which the plates were incubated for 20 days at 28 °C. Then, 2 mL each of SRT
50 mg/L, SRT 12.5 mg /L, CASP 62.50 mg/L, CASP 3.90 mg /L, and SRT 12.5 mg/L + CASP
3.90 mg/L prepared in 0.9% sterile saline were added to wells daily for seven days. After
seven days, the biofilms were analysed using scanning electron microscopy. The assay was
conducted according to the Medical School Ethics Committee and approved per protocol
number 4.304.317 /2020.

2.9. Scanning Electron Microscopy

The samples were initially fixed using 3% glutaraldehyde in 0.1% phosphate buffer
(v/v) (pH 7.2) at 4 °C for 24 h and rinsed with 0.1% phosphate buffer (pH 7.2). Osmium
tetroxide (1%) was used during the post-fixation step. Subsequently, the samples were de-
hydrated in an increasing ethanol gradient involving successive baths of increasing ethanol
concentrations. Gold was then spray-coated on these samples to visualise biofilms formed
in human nails. A JEOL JSM-6610 LV scanning electron microscope at an acceleration
voltage of 25 kV was used for visualisation.
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2.10. Statistical Analysis

We calculated the gene expression using the comparative 2~#A<T method. The paired
Student’s t-test was used to compare gene expression between treatment and control
conditions at each time point. The results are reported as the mean =+ standard deviation of
three independent biological replicas. For comparing the biofilm’s metabolic activity and
quantification biomass, one-way ANOVA was used, followed by Tukey’s post hoc test. For
all tests, statistical significance was adopted at p < 0.05. Prism v. 5.1 (GraphPad Software,
San Diego, CA, USA) was used to generate the graphs and statistical analyses.

3. Results
3.1. Antifungal Susceptibility and Interaction between SRT and CASP

SRT alone and in combination with CASP exhibited antifungal activity against T.
rubrum free-flowing planktonic cells. The MIC of SRT required to inhibit T. rubrum in
RPMI medium was 25 mg/L, whereas that of CASP was 31.25 mg/L. The MICs of SRT and
CASP increased considerably when the assay was performed in the SB medium. In this
medium, SRT showed a MIC of 100 mg/L, whereas CASP showed a MIC of 62.50 mg/L.
The interactions between SRT/CASP in both culture media (RPMI or SB) could be consid-
ered synergistic (FICI < 0.5). Assays performed in both media indicated that the FICIs
corresponding to the SRT/CASP combination ranged between 0.1-0.5. The mean FICIs in
the RPMI and SB medium were 0.28 and 0.25, respectively (Table 1). The combined MIC
values associated with synergism between SRT and CASP are displayed (Table 2).

Table 1. MICs of sertraline (SRT) and caspofungin (CASP) against planktonic forms of T. rubrum.
FICI and the mean of FICI of interactions between SRT and CASP.

MIC;gp.mg/L FICI Range FICI (Mean)

o SRT CASP SRT/CASP SRT/CASP
SB 100 62.50 0.1-0.50 0.25
RPMI 25 31.25 0.1-0.50 0.28

FICI < 05, FICI > 05 to <4.0, and FICI > 4.0 were categorised as synergism, indifference, and antagonism, respectively.

Table 2. MICcb (combined MICs) values for analysis of synergism between sertraline (SRT) and
caspofungin (CASP) in assays performed in RPMI medium and Sabouraud (SB) medium.

Concentrations Ranged of the SRT (mg/L)
200 100 50 25 12.5 6.25 3.12 1.56 0.78

Medium Drug

SB CASP 0 0 195 195 1.95 1.95 7.81 1562  15.62
RPMI  (mg/mL) 0 0 0 0 0.98 0.98 195 1.95 3.90
3.2. RT-qPCR

RT-qPCR-based gene expression analysis revealed that an SRT concentration amount-
ing to 70% of its MIC induced a gene encoding a transporter (TERG_00162) belonging to
the major facilitator superfamily (MFS) at 3 and 12 h. In contrast, exposure to SRT for 3 and
12 h downregulated TERG_12319, a critical chitin synthase-associated gene linked to fungal
virulence and cell wall remodelling. Furthermore, TERG_04234, encoding hydrophobin, a
putative protein essential for fungal pathogenesis, and TERG_06755, encoding a c-8 sterol
isomerase protein, required for the ergosterol pathway, were downregulated at 3 and 12 h,
respectively (Figure 1).

Gene expression analysis using RT-qPCR was extended to examine T. rubrum growth
in the presence of the SRT + antifungal CASP combination. SRT + CASP exposure downreg-
ulated gene transcription of the MFS multidrug transporter, TERG_00162, at 3 and 12 h, in
contrast to the induction caused by the SRT alone. In contrast, SRT + CASP downregulated
TERG_04234 and TERG_06755, as well as the gene encoding the enzyme chitin synthase,
TERG_12319, which was similar to that observed under conditions involving the use of SRT
alone (Figure 2).
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Figure 1. Differentially expressed genes in response to SRT, identified using RT-qPCR analysis. The
relative expression of genes TERG_00162 (MFS multidrug transporter), TERG_04234 (Hydrophobin),
TERG_06755 (C-8 sterol isomerase), and TERG_12319 (Chitin synthase 2) at 3 h (A) and 12 h (B) are
represented. Asterisks indicate the statistical significance of the t-test compared to the control (SB
drug absence). * p < 0.05; and ** p < 0.01.
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Figure 2. Genes encoding TERG_00162 (MFS multidrug transporter), TERG_04234 (Hydrophobin),
TERG_06755 (C-8 sterol isomerase), and TERG_12319 (Chitin synthase 2) are differentially expressed in
response to combinations of SRT with CASP. Asterisks indicate statistical significance determined by f-test
as compared to the control (SB absence drug) at 3 h (A) and 12 h (B); * p <0.05; * p < 0.01; ** p < 0.001.

The effects of low concentrations of CASP and SRT on the expression levels of these
genes in T. rubrum cultured in the presence of CASPsc or SRTsc were analysed. The re-
sults showed that SRTsc maintained the expression level of TERG_00162, which encodes

110



J. Fungi 2022, 8, 815

70f13

a multidrug transporter, at a level similar to that observed in the control at 3 h; in con-
trast, the expression of TERG_00162 increased at 12 h. Moreover, a significant difference
existed between the expression levels shown under these conditions and that of the control
(p < 0.05). TERG_06755 expression was downregulated at 3 h, but its expression at 12 h was
similar to that of the control. TERG_04234 and TERG_12319 maintained their expression
under both conditions (control and SRTsc) at 3 h and 12 h (Figure S1).

Exposure of T. rubrum to CASPsc resulted in TERG_00162, TERG_04234, TERG_06755,
and TERG_12319 presenting similar expression levels at 3 h or 12 h, compared to that of the
untreated control. Therefore, no statistically significant differences existed between these
treatment conditions (Figure S2).

3.3. Effects of SRT and Its Combination with CASP on the Activity of T. rubrum Biofilm

Metabolic activity in the biofilm was measured every 24 h. A significant increase
in metabolic activity was observed up to 72 h, following which the activity stabilised.
Therefore, 72 h was considered ideal for biofilm formation. The MTT assay results indicated
that 12.5 mg/L SRT alone and of 15.62 mg /L CASP alone, as well as low concentrations of
SRT + CASP (3.12 mg/L SRT+ 1.95 mg/L CASP), interfered significantly with the metabolic
activities of the biofilm. Treatment with SRTsc or CASPsc did not reduce the metabolic
activity of T. rubrum biofilms (Figure 3).
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Figure 3. Metabolism of T. rubrum biofilm. Effects of sertraline (SRT), caspofungin (CASP), and SRT + CASP
on the metabolic activity of T. rubrum biofilm.

The biomass of the biofilm was also affected by SRT, CASP, and SRT + CASP treatments.
Three days after the biofilm was treated with 62.50 mg/L CASP, a significant reduction
was observed in the biomass compared with that of the control (p < 0.01). Treatment
with 25 mg/L SRT as well as 6.25 mg/L SRT + 1.95 mg/L CASP significantly reduced
biomass. By contrast, 6.25 mg/L SRT or 1.95 mg/L CASP did not reduce biomass but
instead increased production in a manner similar to that of the control (Figure 4).

After the biofilm matured for seven days, the 25 mg/L SRT, 62.50 mg/L CASP, or
6.25 mg/L SRT +1.95 mg/L CASP treatments significantly reduced biomass when compared
with the control (p < 0.001). However, treatment with 6.25 mg/L SRT or 1.95 mg/L CASP did
not reduce the biomass of biofilm that had matured for three days. The biomass produced by
these treatments was similar to that observed in the absence of drugs (Figure 5).

The results of the human nail infection assay corroborated the reduction in biomass
and metabolic activity of the biofilm, observed via the MTT and crystal violet assays.
Scanning electron microscopy revealed that T. rubrum forms mature biofilms in human nail
fragments after 20 d. Its growth on the substrate was characterised by infinite filaments,
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which were denser, interconnected, and spread in all directions to form an actual network
of connected hyphae. The high antifungal tolerance in T. rubrum may be attributed to this
network of connected hyphae. Thus, biofilm maturation in human nail fragments was
considerably affected by SRT.
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Figure 4. Evaluation of the effect of SRT, CASP, and the synergistic combination (SRT + CASP) on the
biomass of T. rubrum biofilm stained with violet crystal. The treatments were performed 3 days after
the biofilm matured. Statistical analyses showing significant differences (p < 0.05) between tested
compounds and growth control were estimated using one-way ANOVA and Tukey’s post hoc test;
**p <0.01 and *** p < 0.001.

. Control 3 CASP 62.50 mg/L
R SRT 6.25 mgL @l SRT 6.25 mg/L + CASP 1.95 mg/L.
EEm SRT 25 mg/l =3 CASP 1.95 mg/L

Figure 5. Effect of SRT, CASP, and SRT + CASP on the biomass of T. rubrum biofilm. Treatments were
performed 7 days after the biofilm matured and stained with violet crystal. Significant differences
between tested compounds and growth control were obtained using one-way ANOVA and Tukey’s
post hoc test. Asterisks indicate statistical significance: ** p < 0.01 and *** p < 0.001.

Filament density was significantly reduced by the treatments compared to that in the
untreated control. A significant reduction in the thickness of filaments that formed the hyphal
network was observed. Additionally, most hyphae could not complete their development
to a level that enabled them to create a more uniform biofilm. In this context, the highest
activity was observed after T. rubrum was treated with SRT and CASP at concentrations
corresponding to 2 x MICs, which amounted to 50 mg/L, and 62.50 mg/L, respectively.
Excellent biofilm reduction resulting from treatment with 12.5 mg/L SRT + 3.90 mg/L CASP
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must be highlighted. However, we did not verify the reduction in filament density and the
alterations mentioned earlier under isolated, uncombined conditions (Figure 6).

Pk, ¥, .

Figure 6. Scanning electron microscopy of the T. rubrum biofilm on a human nail. T. rubrum strain
growth on nail fragments in the absence of drugs (A). Treatment with SRT 50 mg/L (B), SRT 12.5 mg/L
(C), CASP 62.50 mg/L (D), CASP 3.90 mg/L (E) and SRT 12.5 mg/L + CASP 3.90 mg/L (F), 20 days of
after biofilm matured.

4. Discussion

The human antidepressant, SRT, exhibited antifungal activity against planktonic
forms of T. rubrum (100 mg/L SB and 25 mg/L RPMI media). When combined with
CASP, SRT showed excellent synergistic effects by inhibiting T. rubrum in vitro. Interaction
results showed that the combination of SRT and CASP decreased the concentration of
antifungals required to inhibit the fungus by up to 30 times compared to antifungals used
individually. These results suggest that repositioning SRT and combining it with CASP
constitutes a promising therapy against T. rubrum. Several reports have demonstrated
SRT activity against pathogenic fungi in vitro and in vivo, with particular reference to
Cryptococcus, Candida, and Aspergillus [30-33]. To the best of our knowledge, we are the first
to demonstrate its effect alone and in combination with CASP against the dermatophyte,
T. rubrum, though a previous study has discussed the advantages of using a combination
of SRT and CASP against Trichosporon asahii [18]. Moreover, the SRT concentration in the
skin is much higher than that in blood; thus, the usefulness of SRT as a treatment against
dermatophytosis appears to be promising [34].
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We observed that an SRT concentration of 70% of its MIC induced a gene that encodes
a transmembrane transporter (TERG_00162) belonging to the major facilitator superfamily
(MFS). These transporters mediate increased drug efflux, the primary resistance mechanism
in dermatophytes [35-37]. In this context, the combination of SRT and CASP reduced the
transcript levels of the TERG_00162 gene. Furthermore, exposure of T. rubrum to SRTsc or
CASPsc (0.273 mg/L SRT or 10.93 mg/L CASP) showed that the expression level of the
gene TERG_00162 was associated with the amount of SRT in the cell and with the activity
of the combination.

Fungi may evolve several adaptation mechanisms in response to environmental
changes. The fungal cell wall, which enables fungi to interact dynamically with the ambient
environment, constitutes a promising antifungal target. Furthermore, its structural integrity,
which is actively modulated in response to stress conditions, plays a role in adhesion, sig-
nalling, and colonisation, making it essential for the survival of the pathogen [38,39].
Accordingly, other promising antifungal targets were revealed by the treatments, SRT
alone and SRT + CASP, which downregulated critical genes that encode chitin synthase
(TERG_12319) and hydrophobin (TERG_04234). However, the expression of these genes
did not change when T. rubrum was cultured with SRTsc or CASPsc compared to that
with the control. This suggested that the efficacy of activity against TERG_04234 and
TERG_12319 is due exclusively to the combination of drugs and not to each drug used
alone. Chitin, a linear protein that provides strength and protection to many eukaryotes, is
vital for cell wall morphogenesis. Chitin is absent in mammalian cells; thus, its metabolism
is an attractive target for highly specific antifungal agents [39]. Usually, upregulation of
chitin synthesis-related genes is the primary response to cell wall stress [40,41]. The chitin
synthase is essential for synthesising chitin in the primary septa of fungi [42]. Hydrophobin,
a cysteine-rich protein secreted only by filamentous fungi, lowers the surface tension of
water. Identifying drugs that downregulate the genes encoding hydrophobin may help
develop novel strategies to treat infections caused by T. rubrum. This protein regulates
water flux across the fungal cell wall and mediates the attachment of infective structures
associated with fungal pathogenesis. Thus, its downregulation is associated with decreased
fungal virulence [39,43].

We also identified the effects of SRT and SRT + CASP on the ergosterol pathway.
SRT alone at a 70% of its MIC and low concentrations of SRT + CASP downregulated the
TERG_06755 gene, which encodes a c-8 sterol isomerase. This enzyme is involved in the
ergosterol biosynthesis cascade [44]. The relevance of drugs that target genes or proteins
involved in ergosterol biosynthesis has been reported [45].

Our assays demonstrated the impact of SRT and its synergic combination on the
metabolism and biomass of T. rubrum biofilms. We demonstrated that even low concentra-
tions of SRT, when combined with CASF, are effective against T. rubrum biofilms; scanning
electron microscopy results substantiated this inhibitory effect. Thus, our results indicate
that SRT activity at high concentrations, as well as in combination with CASP, downregu-
late essential genes related to the formation and constitution of the cell wall, and a gene
associated with the ergosterol pathway.

Despite the mechanisms that underlie the effects of CASP on the cell wall of yeasts
being known [46], we excluded the possibility that alterations in the expression levels of
genes involved in biofilms could be caused by this drug at low concentrations. Our studies
indicated that CASP alone or in SC concentrations did not alter the expression of genes
involved in cell wall constitution. It did not significantly affect T. rubrum biofilms in any of
the aspects studied.

Although we used a single reference strain from the T. rubrum species, our findings
indicate an alternative treatment for dermatophytosis caused by this fungus. SRT combined
with CASP minimises fungal resistance and virulence in vitro. However, in vivo studies
must also validate our findings and define their clinical utility.

114



J. Fungi 2022, 8,815 11 0f13

Structural modifications of SRT and CASP molecules would also increase their spec-
trum of action as antifungal agents, thereby optimising their usefulness against other
pathogenic fungi.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article /10.3390 /jof8080815/s1, Table S1. Primer sets used for real-time quantitative
reverse transcription polymerase chain reaction (RT-qPCR). Figure S1. Expression of TERG_00162
(MFS multidrug transporter), TERG_04234 (Hydrophobin), TERG_06755 (C-8 sterol isomerase), and
TERG_12319 (Chitin synthase 2) following SRTsc exposure. Asterisks indicate statistical significance
determined by the f-test, compared to the control (SB absence drug) at 3 h (A)and 12 h (B); * p < 0.05.
Figure S2. Differentially expressed genes, TERG_00162 (MFS multidrug transporter), TERG_04234
(Hydrophobin), TERG_06755 (C-8 sterol isomerase), and TERG_12319 (Chitin synthase 2), following
exposure to CASPsc compared to the control (SB absence drug) at 3 h (A) and 12 h (B).
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Abstract Treating fungal infections is challenging
and frequently requires long-term courses of antifun-
gal drugs. Considering the limited number of existing
antifungal drugs, it is crucial to evaluate the possibility
of repositioning drugs with antifungal properties and
to revisit older antifungals for applications in com-
bined therapy, which could widen the range of
therapeutic possibilities. Undecanoic acid is a satu-
rated medium-chain fatty acid with known antifungal
effects; however, its antifungal properties have not
been extensively explored. Recent advances indicate
that the toxic effect of undecanoic acid involves
modulation of fungal metabolism through its effects
on the expression of fungal genes that are critical for
virulence. Additionally, undecanoic acid is suitable for
chemical modification and might be useful in synergic
therapies. This review highlights the use of
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undecanoic acid in antifungal treatments, reinforcing
its known activity against dermatophytes. Specifically,
in Trichophyton rubrum, against which the activity of
undecanoic acid has been most widely studied,
undecanoic acid elicits profound effects on pivotal
processes in the cell wall, membrane assembly, lipid
metabolism, pathogenesis, and even mRNA process-
ing. Considering the known antifungal activities and
associated mechanisms of undecanoic acid, its poten-
tial use in combination therapy, and the ability to
modify the parent compound structure, undecanoic
acid shows promise as a novel therapeutic against
fungal infections.
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Introduction

Antifungal therapy is based on drugs that block
cellular processes, such as cell wall assembly, cell
membrane biosynthesis and maintenance, microtubule
formation, and nucleic acid biosynthesis. The limited
arsenal of antifungal drugs, the increasing prevalence
of fungal infections, and the isolation of strains
resistant to cumrent medicines have motivated
researchers to search for new therapeutic strategies
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to control these infections [1]. The search for new
antifungal drugs has involved studies of compounds
derived from plants and other microorganisms that
display antifungal properties [2, 3]. Various
approaches have been evaluated to improve the
efficacies of antifungal treatments. For example,
combination therapy involves the use of clinically
approved medicines that act synergistically with low
toxicity and enhanced effectiveness. Novel technolo-
gies have been developed, especially those using
nanoparticles, which have enabled improved drug
delivery and availability, and decreased toxicity [4].

The therapeutic use of fatty acids (FA) has been
known for a long time, especially against fungal skin
infections. Their presence in the human skin repre-
sents a chemical barrier against opportunistic and
pathogenic bacteria and fungi and is essential in
maintaining skin integrity. FAs are also produced by
the hydrolysis of phospholipids in keratinocytes,
sebaceous glands, or the stratum corneum. In addition
to their antimicrobial activities, they also play essen-
tial roles in maintaining acidification in the stratum
corneum, making the skin a hostile environment for
most pathogenic microorganisms [5, 6].

The antimycotic properties of organic acids have
been evaluated since the nineteenth century [7]. In the
1940s, ointments containing propionate and undecyle-
nate were proposed for treating dermatophytosis [8].
In addition, using a preparation of zinc undecylenate
(C22H3304Zn) and undecylenic acid (C;1H2005)
(Fig. 1)in a vanishing emulsion base led to a complete
clinical cure in the great majority of tinea pedis and
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Fig. 1 Chemical structure of a undecanoic acid and b unde-
cylenic acid
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tinea cruris cases [9]. Furthermore, the superiority of
the propionate-caprylate mixture was verified in vitro
and in vivo against dermatophytes, demonstrating that
this combination seemed to be more effective than any
other fatty acids previously used to treat these diseases
[10]. At that time, studies were aimed at evaluating the
fungistatic or fungicidal effect of FAs, particularly
those found in human sweat (such as propionic,
caproic, and caprylic acid); perspiration was attributed
a protective activity against fungal infections [10].

The antifungal activity of FAs was believed to be
directly proportional to the number of carbon atoms in
the molecule [11] or associated with the pH of the
medium used in the assay. FAs with six or fewer
carbon atoms exhibited higher antifungal activity in
acidic medium, whereas FAs with more than seven
carbons (C;.—C,.¢) exhibited higher activities at pH
7.0 or 8.0 [12]. The hypothesis of a relationship
between antifungal activity and the number of carbon
atoms in FA molecules was refuted when valeric acid,
a FA with 5 carbon atoms, displayed the strongest
fungicide activity of all the acids analyzed, including
formic acid (1 carbon atom) to capric acid (10 carbon
atoms), as well as the unsaturated undecylenic acid
[13]. Further tests against dermatophytes demon-
strated short-chain saturated FAs (C; to C;;) to be
more toxic than long-chain molecules (> Cj»), and
undecanoic acid (UDA, a medium-chain saturated
Cyy) (Fig. 1) was the most toxic within the C7.9-Cg.0
carbon atom series [14]. Interestingly, this FA is also
found naturally in human sweat.

Studies on the activities of FAs in fungi have shown
that they inhibit several biological processes, includ-
ing respiration [15], cellular FA accumulation, and
pigment formation in the dermatophyte Trichophyton
rubrum [16]. FAs also reduced phosphate uptake and
glucose fermentation in Saccharomyces cerevisiae
[17]. UDA inhibited the growth of 7. rubrum, conidia
germination [18], phospholipid biosynthesis [19], and
extracellular keratinase and lipase activities, but
enhanced the activity of phospholipase A [20]. But,
at low doses, UDA increased the lipid content [21].
Moreover, UDA-resistant strains have lowered viru-
lence and important pathogenic traits are compro-
mised by this FA [20, 22]. Recently, our group showed
that UDA exposure affected the integrity, stability,
and assembly of the cell wall and membrane of 7.
rubrum, and caused a decrease in the ergosterol level.
These studies showed that UDA influenced the
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expression of several genes involved in lipid metabo-
lism, oxidative stress, cell wall and plasma membrane
assembly, and pathogenesis [23, 24]. Furthermore,
UDA affected the splicing of genes essential for
cellular metabolism, intracellular signaling, and adap-
tation to stress [24-26].

Avrahami and Shai showed that UDA conjugation
with antimicrobial lipopeptides can broaden their
spectrum of actions, making them useful against
several microorganisms [27]. These authors discussed
the potential for increasing the activities of antimi-
crobial peptides by exploiting the property of synthetic
lipopeptides in which they act directly on plasma
membranes, thereby altering membrane permeability
and facilitating drug uptake. UDA also causes damage
to the cell wall and plasma membrane of fungi,
suggesting it contributes to the synergistic effect of
these two antimicrobial substances.

Combination treatment with UDA and quinic acid
(QA), acompound derived from plants, synergistically
inhibited the growth of Candida albicans, Candida
glabrata, and Candida tropicalis by affecting several
traits involved in virulence, such as biofilm formation
and the production of proteases and phospholipases
[28]. UDA was also effective inhibiting hyphal
growth, akey step in C. albicans biofilm development,
mimicking the quorum-sensing molecule farnesol that
usually inhibits the yeast-to-hyphal transition [29]. In
thisreview, we discuss recent findings highlighting the
feasibility of using UDA as a cost-effective compound
for antifungal treatment. We also discuss the suitabil-
ity of UDA for chemical modification, conjugation
with other molecules, and combination therapy.

Chemical Aspects, Molecule Modification,
and Synergism

UDA, an I1-carbon, saturated medium-chain FA, is
naturally present in the human skin and eliminated
through sweat, and is industrially prepared from castor
oil. UDA is a white crystalline solid, is insoluble in
water, and is possibly involved in stimulating triacyl-
glycerol synthesis [14, 30].

Although the therapeutic effectiveness of UDA
against dermatophytes has been established for many
years [14, 31], the enormous potential of this molecule
remains poorly explored. Various studies demon-
strated the therapeutic effectiveness of UDA when

administered alone, enhanced activity when chemi-
cally modified, and synergistic activity when admin-
istered in combination with other compounds, such as
antimicrobial peptides. The hydroxamate derivative of
UDA, 10-undecanhydroxamic acid, functions as a
novel antimicrobial agent with increased efficacy and
a greater spectrum of activity by controlling the
growth of clinically relevant microorganisms, includ-
ing bacteria (such as Escherichia coli and Enterococ-
cus faecalis) and fungi (C. albicans and Aspergillus
niger). Its enhanced effectiveness is due to the
introduction of an iron-chelating chemical group in
the molecule, which interferes with iron homeostasis
[31]. Disturbances in iron homeostasis have been
associated with the effect of UDA against 7. rubrum.
Over time, UDA exposure accentuated the inhibitory
effects on the expression of genes related to iron-
binding activity [24]. The initial maintenance of the
iron-acquisition system, with some upmodulated
genes, occurs in response to UDA stress. After a
12-h UDA exposure, the repression of genes related to
iron metabolism and many other categories is sugges-
tive of widespread damage.

In another study, the activity of UDA was reduced
by introducing acetylenic or ethylenic unsaturation
into the UDA molecule in different positions from
C11A? to ClIA'. These results established the
saturated molecule as the most effective form of
UDA. The effects of unsaturated UDA derivatives
were evaluated against Streptococcus pyogenes. Com-
paratively, acetylenic compounds were slightly more
active than the ethylenic isomers. The position of the
ethylenic unsaturation site exerted minor effects
against bacteria, whereas significant differences were
observed with acetylenic derivatives, depending on
the location of the unsaturated position [32].

Most antimicrobial peptides with high antibacterial
activity are not active toward fungi. However, chem-
ical modification of antimicrobial peptides can change
this scenery. An antibacterial peptide, a magainin
analog, exhibited antifungal activity when conjugated
with lipophilic acids [33]. Also, conjugating UDA
with this antibacterial lipopeptide resulted in high
potency against some fungi [27]. These results led to
the proposal of a new group of lipopeptide candidates
with antifungal activity. Additionally, conjugating
UDA to a weakly active diastereomeric lytic peptide
containing Lys and Leu ([D]-KsL7) produced a highly
potent lipopeptide. This compound was active against
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gram-negative bacteria (E. coli and Pseudomonas
aeruginosa), gram-positive bacteria (Bacillus subtilis
and Staphylococcus aureus), yeasts (C. albicans and
Cryptococcus neoformans), and the opportunistic
fungus Aspergillus fumigatus [27].

Finally, the combined use of QA and UDA
significantly repressed the major virulence genes of
C. albicans. The synergistic interaction between these
two compounds significantly inhibited important per-
petuation-related aspects, such as biofilm formation
and the filamentation capability [28]. The results
obtained after combination therapy with UDA and
other compounds with antifungal properties empha-
sized that such treatment represents a viable and
promising alternative strategy.

In general, the use of UDA is mostly associated
with antimycotic and antibacterial activity. However,
the molecule also exhibits toxicity toward ticks and
chiggers and displays repellent properties against
fleas, house flies, Anopheles quadrimaculatus, and
Aedes aegypti [34, 35]. It also inhibits oviposition in
the phloem-feeding insect Bemisia tabaci, which is
important for managing plant pests [36].

The well-known properties of UDA and its promis-
ing capacity for chemical modification and/or syner-
gistic use highlight its potential importance in
controlling fungal infections. The diverse strategies
used to enhance its antimicrobial efficacy and its use in
widespread applications, particularly its antifungal
properties, establish UDA as a promising substance in
the pharmaceutical field.

Impact of UDA on Fungal Metabolism

The antifungal activity of UDA has been demonstrated
with various fungal species such as Aspergillus
nidulans [37, 38], Candida spp. [28], Trichophyton
spp. [14, 191, Albifimbria verrucaria (formerly My-
rothecium verrucaria) [39], S. cerevisiae [40], and
Trichoderma viride [39].

The possible mechanisms of action of medium-
chain FAs, as previously described for C. albicans,
include regulating cellular-membrane fluidity, mito-
chondrial activity changes, impaired formation of
hyphae, and biofilm formation [41, 42]. Data from a
recent study demonstrated that combination treatment
with UDA and QA caused decreased secretion of
aspartyl proteinases and lipase biosynthesis [28]. The
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same study showed a significant reduction in polysac-
charide and lipid levels in the extracellular polymeric
substance (EPS) of Candida spp. biofilm. Moreover,
the inhibitory effect of QA-UDA combinations
resulted in a prominent decrease in C. albicans
filamentous growth [28]. UDA exhibited antibiofilm
and anti-hyphal forming properties against Candida
species [29], and antibiofilm activity against Serratia
marcescens [43], suggesting UDA could be used to
control the development of pathogenic biofilms.

A previous investigation of S. cerevisiae that
assessed aspects of FA uptake and metabolism
demonstrated the influence of the ergosterol pathway,
specifically the erg4 gene, in terms of the capacity of
fungi to cope with exogenous FAs, such as UDA [40].
Several lines of evidence suggest that UDA is
involved in FA and energy metabolism, as previously
described for Umbelopsis isabellina (formerly Mor-
tierella isabellina) [44]. UDA impacts the cellular
lipid pattern of this fungus by inhibiting mitochondrial
enzymes, blocking the elongation and acetylation of
FAs, and making it difficult to incorporate these FAs
into lipids in the cell. Moreover, data from a previous
study demonstrated the effect of FAs on the growth of
Aspergillus flavus, correlating with imbalanced per-
oxisome function, which ultimately resulted in afla-
toxin production [45]. Also, A. nidulans exposed to
sublethal doses of UDA led to decreased conidia
germination [46], showed a significant decrease in
extracellular lipase activity, and a reduction of
approximately 70% in both intracellular and extracel-
lular esterase activities [37].

Among studies exploring the antifungal properties
of UDA, many were conducted against dermato-
phytes, mostly 7. rubrum. Das and colleagues
exploited the toxic effects of UDA against 7. rubrum
and confirmed the growth-inhibitory activity against
this fungus [18-21]. UDA changed the lipid compo-
sition by lowering the synthesis of glycerides, sterol
esters, and phospholipids, thus promoting changes in
the fungal membrane and inhibiting its growth [21].

Treating Trichophyton interdigitale H6 (previously
identified as 7. rubrum, and reclassified based on
genome sequencing) [47, 48] with UDA resulted in the
induction of regulatory genes, such as AURRI
(DWO005378), a transcription factor that regulates
aurofusarin biosynthesis, and the cellular regulator
DopA (EZF34453.1), which is required for correct cell
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morphology [49]. In addition, the susceptibility of 7.
interdigitale to UDA was nutrient-dependent [22].

It has been reported that UDA inhibits the growth of
T. rubrum in concentrations ranging from 25 to 30 pg/
mL [20, 24, 50]. In addition, other assays showed how
UDA affects the production of exocellular enzymes by
T. rubrum, inhibiting lipases and keratinases, which
are necessary for the infection process [20]. Molecular
studies on the effects of UDA on dermatophytes were
performed to elucidate the strategies fungi use to
overcome the effects triggered by the entry of UDA
into fungal cells. UDA was assumed to alter 7. rubrum
lipid composition by possibly affecting an unknown
control mechanism of lipid synthesis or breakdown
[21]. The utilization of UDA in phospholipid biosyn-
thesis was corroborated through the upregulation of a
sterol carrier protein, followed by the induction of
several genes related to FA synthesis and elongation,
notably after 3 h of UDA exposure [24]. UDA also led
to positive modulation of the beta-oxidation pathway.
Fungal cells direct the degradation of FAs through
different pathways, such as the beta-oxidation path-
way, to overcome toxicity [51]; however, increased
beta-oxidation activity significantly induced the over-
production of reactive oxygen species, which led to
oxidative stress [24]. Also, ergosterol production was
markedly reduced, which was reflected in impaired
membrane fluidity. In addition, cellular detoxification
pathways were activated to reverse the damage due to
oxidative stress. The authors showed that most of these
metabolic changes occurred after 3 h of exposure to
UDA, which was due to the high toxicity of this FA.
As mentioned above, dermatophytes use these strate-
gies to overcome the deleterious effects of UDA that
cause remodeling of the cell membrane and cell wall.
A vital part of this strategy is the ability to use a
sophisticated regulatory mechanism to alter gene
expression [24] (Fig. 2).

Cells form integrated systems and, therefore, cel-
lular physiology depends on a delicate balance
between the synthesis and degradation of molecules
involved in cell maintenance and metabolism. Once
this balance is dysregulated, multiple cellular effects
are triggered, which cannot be analyzed separately. A
broader analysis of these effects is necessary to
understand the overall effects of a drug, which may
have secondary effects that should be considered. A
transcriptomics study of 7. rubrum exposed to
sublethal doses of UDA shed insight on the refined

cellular processes triggered by the drug [24]. The
processes underlying these effects revealed that cel-
lular-membrane damage had effects on the dermato-
phyte cell wall. Moreover, coordinated gene
regulation might account for restructuring of the cell
wall by modifications in its biochemical composition.
The glycosyl hydrolase gene was upregulated after a
3-h challenge with UDA, which was a possible
response to offset the damage caused by the drug
during the early exposure period. However, the gene
encoding the protein hydrophobin (TERG_04234), a
cysteine-rich protein produced exclusively by fila-
mentous fungi that is related to cell wall remodeling,
was downregulated shortly after exposure to UDA.
This observation merits attention because of the
importance of hydrophobin to cell wall integrity,
which was affected by damage to the plasma mem-
brane, demonstrating the breadth of the responses by
the fungus to overcome the toxic action of UDA [23].

An attractive approach for antifungal therapy is to
target the gene-expression machinery, which is essen-
tial, given the network of cellular interactions that
occur inside cells. Cells often fine-tune the levels of
transcription to generate an appropriate response to a
given stimulus. Positive and negative influences on
gene expression must be balanced for correct mRNA
synthesis [52]. Focusing on specific genes is becoming
crucial for the development of drugs, such as tran-
scription factors, which are of primary importance for
all organisms [53]. Therefore, a drug capable of
affecting transcription factors and disrupting a net-
work of cellular interactions, thereby preventing fungi
from responding correctly to developmental and
environmental conditions, is an ideal solution. Impor-
tantly, the modulation of 7. rubrum transcription
factors is affected by UDA exposure, demonstrating
that its toxic effects likewise affect the expression of
genes closely related to regulating metabolic pathways
in dermatophytes [24].

Taken together, the results of several reports have
reinforced UDA as a compound with a broad spectrum
of activity that triggers multiple effects in fungal cells,
while being non-toxic to mammalian cells in vitro and
to Caenorhabditis elegans 28, 54].
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Fig. 2 Proposed mechanism of action of undecanoic acid
(UDA) against fungal viability. UDA triggers oxidative stress,
leading to changes in fatty acid (FA), phospholipid, and
ergosterol synthesis. Increased levels of reactive oxygen species
(ROS) cause damage to the cell membrane and cell wall. UDA
also decreases the expression and activity of proteases and

Fungal Resistance to UDA

A fundamental approach for evaluating the inhibitory
potential of antifungals is to investigate the natural
resistance mechanisms of fungi [38]. Pathogenic fungi
deploy several molecular tools to handle the stress
caused by toxic substances produced by host cells or
that are present in the environment. For instance, 7.
rubrum responds to UDA mainly by modulating the
expression of genes related to FA metabolism, oxida-
tive stress, and proteases [24].

Thus, a mechanism that 7. rubrum uses against
UDA is its incorporation into phospholipid synthesis
and degradation of the phospholipids by the -
oxidation enzymes as the acyl oxidase (TERG_02909)
and ketoacyl thiolase (TERG_12530) [24]. These
enzymes were notably induced after a 3-h exposure to
UDA (Table 1). Another vigorous defense involves
the induction of antioxidant enzymes to reduce the
levels of reactive oxygen species [24].

Analysis of the results obtained through RNA-
sequencing (RNA-seq) of 7. rubrum exposed to
acriflavine and UDA revealed upregulation of the
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induces alternative splicing in genes involved in several cellular
processes. Inhibited or downregulated processes are represented
in green, while increased or upregulated processes are repre-
sented in red. Dashed lines represent pathways or processes that
have not yet been fully elucidated. (Color figure online)

ABC and MFS multidrug-resistance (MDR) trans-
porters [23, 55]. MDR transporters are transmembrane
components that function as efflux pumps. Overex-
pression of these proteins results in a resistant
phenotype by preventing the over-accumulation of
toxic compounds inside cells [56, 57]. Interestingly,
the modulation of different transporter genes was
observed in the presence of each of these drugs
[23, 58], corroborating the idea that an adaptive
response occurs in a drug-dependent manner [59].
Previous data revealed that the upregulation of MDR
transporters occurred as a rapid response in the first
hour after UDA exposure [58]. The presence of several
different MDRs in the dermatophyte genome enables
it to counteract many classes of drugs, which demon-
strates the complexity of such regulation. Further-
more, compensatory expression of mdr4, due to the
deletion of the mdr2 gene, was observed in T.
interdigitale grown in media containing the antifungal
medicine griseofulvin [60].

In microorganisms, the biofilm structure is known
to provide high resistance against external agents.
Indeed, this structure constitutes a significant medical
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Table 1 Genes associated with oxidative stress and fatty acid metabolism, grouped in terms of Gene Ontology enrichment

Gene ID Gene product name 3h 12h
GO:0006979—response to oxidative stress
TERG_01252 Catalase A 2.37
TERG_01463 Cytochrome ¢ peroxidase (7. tonsurans) 3.17 2:15
TERG_02735 Fatty acid oxygenase PpoC, putative (A. benhamiae) — 2,06
TERG_06354 SVPI-like protein (T. tonsurans) 1.79
TERG_08226 hypothetical protein - 179
GO:0034599—cellular response to oxidative stress
TERG_01349 Glutathione peroxidase (7. tonsurans) 241 1.60
TERG_05769 NAD(P)H-dependent D-xylose reductase (7. equinum) 1.98 2.02
GO:0006631—fatty acid metabolic process
TERG_05621 Short-chain dehydrogenase/reductase family oxidoreductase, putative (A. benhamiae) 4.02
TERG_02909 Acyl-CoA oxidase, putative (T. verrucosunt) 3.81
TERG_07659 Peroxisomal 3-ketoacyl-coA thiolase (Katl), putative (A. benhamiae) 3.01
TERG_08170 Fatty acid elongase gig30 (7. equinum) 227 1.89
TERG_08952 Long-chain-fatty-acid-CoA ligase (7. equinum) 1.65
TERG_06240 Peroxisomal biogenesis factor 2 (7. tonsurans) 1.60
GO:0016747—transferase activity
TERG_12530 3-Ketoacyl-CoA thiolase peroxisomal A (7. tonsurans) 4.19 1.50
TERG_07691 Sterol carrier protein (7. tonsurans) 273
TERG_03390 Glutation S-transferase (7. equinumn) 3.00
TERG_04960 Glutathione S-transferase Ure2-like, putative (A. benhamiae) 6.15
TERG_00284 Peroxin 14 (7. tonsurans) 2.52
TERG_06361 ATP-dependent protease La 213
TERG_01759 Peroxisome assembly protein 10 (7. equinum) 1.94

Transcriptional modulation is indicated according to the exposure time to undecanoic acid [24]. Gene-expression values are
expressed as log2-fold change between the indicated time point and the reference sample (without drug exposure)

problem, since most hospital-acquired infections are
associated with biofilms on medical devices such as
catheters, dentures, contact lenses, heart valves, and
prostheses [61, 62]. Biofilm formation is frequently
encountered in fungi; Candida spp. have been reported
to be proficient in forming biofilms on both biotic and
inert surfaces [63]. As mentioned above, combined
UDA and QA therapy had a considerable effect on the
biofilm structures of Candida spp. [28].

Another mechanism of resistance to UDA was
described for A. nidulans, in which ultraviolet light-
induced mutations in the udaA gene resulted in the
resistant strains udaAl and udaA2 [37]. Interestingly,
it was observed that mutations in the /ipA gene also
conferred UDA resistance in A. nidulans. In this case,
a point mutation in a particular locus caused a Glu-to-
Lys substitution during translation, which potentially

lowered the rate of enzymatic catalysis or the catalytic
affinity of the enzyme for the substrate, or promoted
enzymatic inactivation [38]. In addition, a recent study
showed that UDA susceptibility was related to chro-
mosome 7 trisomy in C. albicans and that resistance
was due to chromosomal loss [64]. This study also
showed that all susceptible isolates carrying a deletion
of the transcription factor DAL81, and that acquired
UDA resistance, had lost a copy of chromosome 7.
Thus, these data draw a particular, but rather unclear,
relationship between aneuploidy and antifungal resis-
tance; a possibility that was corroborated by data from
similar studies [65, 66].

A study carried out with a UDA-resistant strain
(UDA") of T. interdigitale demonstrated that tolerance
to UDA could also be displayed by a naturally non-
resistant  strain  (H6) under specific nutritional
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conditions [22]. Culturing the UDA" and H6 strains in
a protein-rich medium (minimal medium [MM] sup-
plemented with 1% commercial low-fat dry milk)
resulted in significant differences in survival rates at
UDA concentrations above 50 mg/L. In contrast,
culturing the same strains in a lipid-rich medium
(MM supplemented with 1% Tween 20 as the sole
carbon source) completely prevented the survival
effect on the susceptible strain, even at high drug
concentrations. The same nullifying effect on the
inhibitory potential of UDA was observed when the
strains were cultured in a keratin-rich medium (MM
supplemented with keratin powder, 2.5 g/L) [22].

The possibility that nutrient conditions are crucial
for establishing the susceptibility to a given drug is
very relevant for isolating and characterizing resistant
strains. Factoring in this possibility is also helpful
when screening new antifungal agents [22]. Impor-
tantly, resistance acquired by wild-type strains due to
environmental conditions (such as the carbon source)
can serve as a determinant for the emergence of
genetically resistant lineages. This process is a con-
sequence of the population stabilization provided by
the resistant phenotype so that mutations, recombina-
tion, and selection can occur. Events of environmen-
tally induced resistance occurring before genetic
resistance are well described and pose areal challenge
for antifungal therapy [67, 68].

Resistance strategies like those described here are
adaptive responses that have mostly been shaped by
long-term natural selection involving co-evolutionary
dynamics with hosts [69]. Despite the activation of
common pathways related to stress responses, anti-
fungals can cause high mortality rates, precisely
because they correspond to substances that fungi have
not experienced prolonged contact with during their
evolution. Therefore, the misuse of antifungal drugs
exacerbates opportunistic fungal infections by
enabling the emergence of resistant strains [70].
Further investigation on this matter will be crucial
for better guiding clinical efforts against recidivist
pathogenic fungi that are mostly opportunistic.

Effect of UDA Exposure on Pre-mRNA Processing
in Dermatophytes

Alternative splicing (AS) is an essential and highly
complex process of post-transcriptional regulation that
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enables increased numbers of transcript isoforms for a
single gene [71, 72]. AS powerfully enhances pro-
teome diversity and functionality and thus fulfills
paramount  functions in  adaptive  responses
[24, 73, 74].

The spliceosome machinery drives RNA process-
ing after detecting exon boundaries (5" and 3’ splice
sites) [75]. The activity of the spliceosome is highly
dynamic and coordinated. Splicing factors play essen-
tial roles in the activation and maintenance of this
machinery [75, 76]. Recent work has shown differ-
ences in the modulation of splice factor genes in
response to different environmental stimuli in the
dermatophyte T. rubrum [77], which might ultimately
influence the occurrence of AS. Indeed, changes in the
relative rates of spliceosome assembly might be a
means of AS regulation [78].

Patterns of AS that occur include the use of
alternate 5’ or 3’ splice sites, exon skipping, intron
retention (IR), and mutually exclusive events [72].
Although AS is not fully understood, fungal pathogens
show a higher tendency to undergo AS than non-
pathogenic fungi. If we consider only human patho-
genic fungi, the relative proportion is even higher [79].
Moreover, evidence suggests the involvement of AS in
complex regulatory network wiring in fungal cells that
culminates in adaptive responses toward a plethora of
stimuli. For example, antifungal signalling, nutrient
supply, and host interactions have been reported to
influence AS in Neurospora crassa, T. rubrum, A.
nidulans, ~A.  fumigatus, and Candida  spp.
[24, 73, 80, 81].

The RNA-seq tool consists of a robust and reliable
source of data for the analysis of AS because it
provides genome-wide information on exon coverage
and splice junctions [82, 83]. It is noteworthy that in
fungi, IR comprises the most predominant AS pattern
[72, 81], and previous reports also demonstrated that
only 14% of differentially expressed genes (DEGs)
overlap with AS [81], which reinforces that AS occurs
as a regulatory mechanism for specific adaptive
responses.

Recent RNA-seq data showed the occurrence of AS
events (in terms of exon usage and IR) in T. rubrum
genes after UDA exposure [24]. Approximately 516
genes exhibited differences in exon usage after UDA
exposure, distributed among 302 and 214 genes for the
3 hand 12 h time point, respectively (Fig. 3). About
967 genes underwent IR after UDA exposure,
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distributed among 216 genes at 0 h, 127 genes at 3 h,
and 624 genes at 12 h. While exon use events
prevailed after a 3 h UDA exposure, IR was observed
mainly after 12 h of contact with the drug (Fig. 3d). In
both cases, the predominant group of genes subject to
AS was related to membrane composition (Fig. 3a, b),
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3 hours vs. 0 hour 302
12 hours vs. 0 hour 214

Intronic regions with read counts

Condition Number of genes
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12 hours 624

cells following UDA exposure, and the number of genes that
underwent alternative splicing events, differential exon usage,
or intron retention. d Number of genes presenting differential
exon usage and the number of intronic regions with read counts
at each time point

associating UDA damage to the membrane with
splicing events under the tested conditions. In addi-
tion, a small percentage of DEGs (approximately
15%) was associated with a type of AS, IR, or exon
skipping (Fig. 3c), reiterating that the aforementioned
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regulatory mechanism of AS contributes to adaptive
strategies.

It was also reported that pre-mRNA coding for
phosphoglucomutase underwent exon skipping and
the pre-mRNA coding for inosine monophosphate
dehydrogenase underwent IR. In both cases, the
encoded enzymes are involved in critical energy
metabolism. However, the proteins resulting from
either form of AS presented a loss of essential domains
and probably had impaired function [24]. These results
demonstrated the existence of tight regulation pro-
moted by AS between fungal energy metabolism and
cellular signaling in response to UDA exposure. In
addition, T. rubrum exposed to UDA presented IR
events in two genes that encode heat shock proteins
(HSPs): Hsp7-like protein (TERG_03206) and Hsp75-
like protein (TERG_01883) [26]. In silico analysis
revealed that conventional processing of the respec-
tive pre-mRNAs of both genes led to functional
proteins. In contrast, the AS events caused by IR
promoted open reading frame disruptions, resulting in
premature mRNA stop codons and the generation of
truncated proteins with probable functional impair-
ment. Modulation of the Hsp7-like protein isoforms
was compared after 7. rubrum exposure to UDA and
terbinafine. UDA exposure promoted dysregulated
gene processing and decreased levels of transcripts
coding for functional proteins. In contrast, terbinafine
exposure caused increased transcript levels coding for
functional proteins after a 3 h UDA exposure, and no
difference in modulation of the retained isoform was
observed between control and drug-treated cells.
These results raised the possibility that a regulatory
pathway is involved in HSPs processing, which is
probably related to optimization in response to differ-
ent chemical exposures (cellular conditions). Indeed,
refined mechanisms for protein production, co-trans-
lation, protein folding, and disposal have been
described, each of which plays paramount roles in
maintaining cellular homeostasis and proper metabo-
lism [84-86].

The occurrence of IR events in two genes that
encode heat shock proteins in 7. rubrum exposed to
UDA was revealed in the pre-mRNA coding for STE/
PAKA kinase, as an autoregulatory mechanism for
this kinase [25]. Increased IR levels were observed
after a 3-h UDA exposure. In silico analyses showed a
change in the open reading frame for the kinase due to
IR, which was responsible for the production of at least

@ Springer

two independent polypeptides. One polypeptide con-
tained the entire kinase catalytic domain, but lacked
the regulatory domain. This finding suggests that an
alternative pre-mRNA splicing played a role in
activating the STE20/PAKA kinase in T. rubrum,
independent of caspase cleavage or molecular signal-
ing that is normally required for its canonical activa-
tion. These results also suggest that the MAPK
pathway was activated to varying extents and regu-
lated by different sets of molecules by external stimuli.
Based on these lines of evidence, we hypothesize that
different sources of isoforms could be generated by
AS, leading to potentially functional proteins or
proteins with impaired function, which is mainly
influenced by the roles each gene plays within cells. In
addition, these events rely on a complex signaling
cascade that culminates in the optimization of protein
production according to the needs of a fungus.

Concluding Remarks and Perspectives

In this review, we highlight known and novel
perspectives related to the antifungal properties of
UDA. The limited antifungal options currently avail-
able have led to increased attention on the potential
use of UDA as a therapeutic strategy against fungal
infections. This potential use is strengthened by the
broad-spectrum activity of UDA, which includes
potent antimycotic activity against several human
pathogenic fungi, such as Aspergillus spp., Candida
spp., and Trichophyton spp. The main effects of UDA
exposure on some fungi are compiled in Table 2.
Furthermore, UDA is suitable for chemical modifica-
tions enabling it to serve as a model scaffold for
designing novel and more efficient antimicrobial
molecules, it displays synergistic activity with other
compounds, and it is non-toxic to mammalian cells
and worms. In summary, the data discussed here
highlight this overlooked compound as a potentially
safe and effective antifungal agent.
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Table 2 Main effects observed in some microorganisms following exposure to undecanoic acid

Microorganism  Observed effect Working doses References
Trichophyton Lipid composition increased when UDA® was grown in 30 pg ml™" [21]
rubrum low concentration of UDA
Inhibited conidial germination of UDA® and UDA" UDA® at 30 pug ml~' and UDA' [18]
120 pg ml~!
Inhibited production of exocellular lipase and keratinase 27.5 pg ml™! [20]
Inhibited phospholipid metabolism 50 pg ml~! [19]
Affected fungal metabolism and pre-mRNA processing  17.5 pg mL ™! [24]
regulatory events
Trichophyton Inhibited growth in response to UDA and carbon source Concentration is dependent on the [22]
interdigitale for both wild type and UDA" strains carbon source
Affected gene-expression profile 50 ug mL~! [49]
Serratia Impaired biofilm formation ranging from 20 to 160 pg/ml [43]
marcescens
Candida 2 pgml™! [29]
albicans QA (50-800 pg mL ") in combination  [28]
with UDA (5-80 pg mL ")
Aspergillus Decreased extracellular lipase activity 200 pg mL™" [37]
nidulans Impaired conidia germination 0 to 300 pg mL ™" [46]
Saccharomyces  Inhibited growth 0.5 mM, I mM or 2 mM [40]
cerevisiae
Umbelopsis Inhibited biosynthesis of long-chain fatty acids Concentration is dependent on the [44]
isabellina carbon source
QA = quinic acid; UDA = undecanoic acid; UDA® = UDA sensitive strain; UDA" = UDA resistant strain
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