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practice, the entire pathway is usually referred to as BER. 
The pathway is subdivided into short patch BER (sin-
gle nucleotide replacement; the predominant pathway) 
or long patch BER (two to 13 nucleotides are replaced), 
depending on the nature of the 5ʹ and 3ʹ ends and, possi-
bly, ATP availability18. The main components of the path-
way are glycosylases, endonucleases, DNA polymerases 
and DNA ligases, with poly(ADP-ribose) polymerase 1 
(PARP1) and PARP2 facilitating the process (FIG. 2). 
PARP1 has a major role in BER, but it is also important 
in DNA double-strand break (DSB) repair (reviewed in 
REF. 19). The binding of PARP1 to DNA breaks activates 
it, and this is necessary for the recruitment of XRCC1 
and other BER proteins in the pathway20. BER repairs 
DNA damage that is therapeutically induced by ionizing 
radiation (IR), DNA methylating agents, topoisomer-
ase I poisons21 (for example, camptothecin, irinotecan 
and topotecan) and some antimetabolites. Germline and 
tumour-specific polymorphisms and mutations in BER 
genes are associated with cancer22 (reviewed in REF. 23) 
(TABLE 1).

The BER pathway is an attractive target for the 
modulation of chemosensitivity and radiosensitivity. 
Early inhibitors of DNA polymerase-β (Pol β), flap 
endonuclease 1 (FEN1), ligase 1 and ligase 3 enhanced 
sensitivity to IR, TMZ and the alkylating agent methyl 
methanesulphonate (MMS), respectively (TABLE 2). 
However, the most advanced drugs that target this 

pathway are AP endonuclease 1 (APE1; also known as 
APEX1) inhibitors and PARP inhibitors. Both APE1 
and PARP expression and/or activity are generally 
higher in tumours24–26, which possibly reflects higher 
levels of endogenous DNA damage or DNA repair 
defects that are compensated for by higher BER activ-
ity. These increased levels cause chemotherapy and 
radiotherapy resistance, and inactivation of APE1 or 
PARP increases sensitivity to IR and alkylating agents 
(which cause DNA lesions that are substrates for BER) 
in the laboratory setting24,27. There are two classes of 
APE1 inhibitor: methoxyamine, which binds the AP site 
in DNA (the APE1 substrate), and inhibitors of APE1 
endonuclease activity. Preclinically, methoxyamine 
potentiates the cytotoxicity of TMZ28 and pemetrexed 
(an antifolate that causes base errors). In a Phase I trial 
of methoxyamine, responses were seen in combination 
with pemetrexed, and there is a study currently ongo-
ing with TMZ (TABLE 2). Lucanthone, a topoisomerase II 
inhibitor, also inhibits APE1 endonuclease activity and 
potentiates the cytotoxicity of DNA-methylating agents 
in breast cancer cells29 and also potentiates the antitu-
mour activity of radiotherapy in patients with brain 
metastases30. Novel, more specific, APE1 endonuclease 
inhibitors increased the persistence of AP sites in vitro 
and increased the cytotoxicity of alkylating agents, but 
they have not yet moved into advanced preclinical or 
clinical evaluation31.

Phase II trials
Use the maximum tolerated 
dose to treat groups of 
patients with a particular 
tumour type, these studies 
determine whether the drug, or 
drug combination, is effective 
in one or more tumour types 
and are used to further monitor 
drug safety. These generally 
involve small numbers of 
patients (100–300).

Deamination
Removal of an amide group;  
for example, deamination 
of adenosine to inosine 
(adenine to hypoxanthine).

Oxidative phosphorylation
Metabolic pathway for the 
generation of ATP occurring in 
the mitochondria of eukaryotes 
in which NADH and succinate 
from the Krebs’ cycle are 
oxidized by the electron 
transport chain. The process 
also generates reactive oxygen 
species.

Figure 1 | Sources of DNA damage and their repair. Endogenous and environmental sources of DNA damage  
are shown in green boxes, with the lesions they cause in beige boxes (where known, the approximate number of the 
indicated type of lesion that occurs naturally in a cell each day is shown). Therapeutic DNA-damaging agents that cause 
the corresponding DNA lesion are shown in orange boxes. DNA repair pathways (blue boxes) repair DNA damage that is 
induced by endogenous and environmental DNA-damaging agents and thus protect the genome but they antagonize  
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BER:



BER:

Dados de RNAseq de 122 indivíduos em 32 tecidos para os genes do sistema BER.



MMR:

Dados de RNAseq de 122 indivíduos em 32 tecidos para os genes do sistema MMR.
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NER:
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Reparo de quebra de dupla-fita:



No ciclo celular há 2 checkpoints G1/S e G2/M  em que a célula monitora a 
integridade do DNA. Se o DNA estiver lesionado, o ciclo celular é

interrompido, o sistema de reparo ativado antes que o ciclo celular prossiga.
In Klug et al, 2019 – Concepts of Genetics – Chapter 24



In Hartwell et al, 2018 – Genetics: from Genes to Genome – Chapter 7

Mutação no DNA é estabelecida somente se os sistemas de 
reparo de DNA não corrigirem a lesão do DNA antes do 

próximo ciclo de replicação do DNA.



Antony E. Pegg

Poli ADP Ribose Polymerase

Stanton L. Gerson





¨ Pegg et al.  Prog. Nucleic. Acid. Res. Mol. Biol. 51:167-223 (1995)
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Papel de agentes alquilantes na lesão do DNA
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¨ Newlands et al. Cancer Treat. 
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Ø Metilação da região promotora do gene MGMT em gliomas confere
uma boa resposta a agentes alquilantes

Em algumas células tumorais o mecanismo de resistência aos
agentes alquilantes é a super-expressão de MGMT.



O6-Benzilguanina liga-se no sítio ativo da AGT humana

¨ Dolan and Pegg. Clin. Cancer Res. 3:837-847 (1995)

AGT PROTEIN

Cys

S

O

N
H

N

NH2N

O6-Benzylguanine

AGT PROTEIN

Cys

S

+
O

N
H

N

NH2N

Guanine



Metoxiamina:

Em Cryptococcus neoformans, os loci apn1 e apn2 do sistema de reparo
BER podem estar envolvidos na resposta ao dano por agentes

alquilantes ou a radiação UV e a combinação de metoxiamina com um 
agente anti-fungico convencional pode consistir uma nova abordagem

terapêutica no combate a esse tipo de infecção. 

J. Fungi 2021, 7, 133 13 of 21

3.8. The Recognition and Correction of Abasic Sites in DNA Is Required for Proper Melanin
Production by C. Neoformans

To confirm the role of C. neoformans Apn2 in melanin production, we decided to
investigate the effects of MX presence during the induction of melanin synthesis. First,
we evaluated possible effects on MX on fungal viability by treating cells of the different
strains with 0.417, 0.834 or 1.67 mM of this compound for 1 h at 30 �C. As, at 0.417 mg/mL,
this drug was not lethal to either the WT or mutant strains (Figure 7A), this concentration
was chosen for the next experiments. The different strains were exposed to 0.417 mg/mL
MX, washed and subject to melanin-inducing conditions. The pre-treatment of C. neo-
formans with MX delayed and reduced the melanization levels of the wild-type strain
(Figure 7B), resulting in a phenotype similar to the one observed for the unexposed apn2D
and apn1Dapn2D mutant strains under inducing conditions at 37 �C (Figure 7B). These
effects were not associated with cell death, because there was no differences in CFU counts
between untreated and treated samples (Figure 7C). Even after 10 days of incubation,
the melanization levels of MX-treated wild-type or mutant strains did not increase (data
not shown).
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Figure 7. Apn1- and Apn2-like genes are required for melanin production by C. neoformans. (A) Viability of C. neoformans
cells after exposure to methoxy-amine (MX). Cells of the WT and mutant strains were incubated in liquid YPD medium for
1 h, at 30 �C, and 150 rpm in the absence (control) or in the presence of MX (0, 0.417, 0.83 or 1.67 mg/mL). Cells were then
PBS-washed and the number of CFUs was assessed. The graph represents the percent of survival of each strain exposed to
MX compared to the control condition. The wild-type H99 was used as a control group for statistical comparison. One-way
ANOVA with Dunnett post-test was used to compare the means of results from three independent experiments. Error bars
represent standard errors of the mean. **** p < 0.0001; *** p < 0.001; * p < 0.05. (B) Melanin production after exposure of
yeast cells to MX. Cells from each strain were incubated with 0.417 mg/mL MX for 1 h, at 37 �C, PBS-washed, diluted and
inoculated for melanin production analyses. Visual detection was performed daily and photo-documented after 72, 96 and
144 h of growth. Results are representative of three independent experiments. (C) Cell viability of C. neoformans strains after
MX exposure and induction of melanin synthesis. Aliquots of cell suspensions were collected from the melanin assay plates
after 144 h of incubation, and viable colonies were assessed by CFU counting. One-way ANOVA with Dunnett’s post-test
was used to compare the means of results from three independent experiments.

3.9. Predicted C. neoformans Apn1 and Apn2 Proteins Influence Phagocytosis and Fungal
Survival within Macrophages In Vitro

Phagocytes play multiple roles in cryptococcal pathogenesis, and the ability to survive
and proliferate inside phagocytes is associated with patient outcome [51]. To access the

Após a exposição por 1 
hora com  1.67 mg/ml de 
metoxiamina a viabilidade

celular foi afetada em
linhagens mutantes para o 

locus apn2.

¨ Oliveira et al 2021. J. Fungi 7:133



Combinações sinergísticas de agentes anti-fúngicos e inibidores
de genes de reparo podem ser utilizados no tratamento para 

combate a esse tipo de infecção?

Questões:
Pacientes em terapia anti-tumoral ou submetidos a diferentes
condições cirúrgicas, ou ainda transplante de orgãos são mais

susceptíveis a infecções fúngicas. A compreensão da modulação de 
genes de reparo após a exposição à drogas anti-fúngicas pode

auxiliar no tratamento desse tipo de infecção?

Qual o ciclo de vida de Tricophyton? Produtos do 
metabolismo do fungo podem modular genes de reparo?



Questões:
Inibição da expressão dos genes de reparo: pode ser um 

mecanismo para conferir resistência a compostos anti-fúngicos?

Qual a frequência de mutações espontâneas x mutações induzidas
após a exposição à drogas anti-fúngicas?



Exemplo: C. glabratamsh2D e C. glabratarad50D 

Linhagens C. glabrata mutantes para os loci msh e rad50 são 82 x e 9 x 
mais resistentes a caspofungina e anfotericina B respectivamente, quando

comparada à linhagens selvagens.

Candida species account for the most mucosal and invasive
fungal infections worldwide1 and are the fourth leading
cause of nosocomial bloodstream infections in the

United States2. Candida bloodstream infections cause estimated
healthcare costs of $2–4 billion per year in the United States alone
and are associated with a crude mortality rate of 40%, even with
antifungal treatment1. The current arsenal of antifungal drugs is
limited, with only two non-toxic antifungal classes to treat
candidiasis: triazoles (for example, fluconazole and voriconazole)
and echinocandins (for example, caspofungin and micafungin).
Polyenes, such as amphotericin B formulations, represent a third
class of antifungals, but polyene use is more restricted due to
nephrotoxicity3. Although 50% of worldwide candidemia cases
are caused by C. albicans, there has been a steady shift towards
non-albicans species over the past 20 years1,4. In North America,
C. glabrata now accounts for B25% of Candida infections4,5.
Albeit this species lacks some important Candida virulence
factors, including hyphal formation, between 20 and 30% of
C. glabrata strains exhibit triazole resistance, and this number
continues to rise6,7. C. glabrata has also developed resistance to
the echinocandins, which were introduced into the market less
than 15 years ago, at a faster rate than any other Candida
species6. Depending on the study and geographical location,
between 3 and 12% of C. glabrata isolates now demonstrate
resistance to one or more echinocandin6,8. Alarmingly, multi-
drug resistant (MDR) C. glabrata6,8–12, which exhibit resistance
to two or more classes of antifungal drugs, are commonly
encountered leaving virtually no options for treatment.

Different antifungal drug classes have distinct targets and
mechanisms of action and resistance13, and it is unclear why
C. glabrata is capable of rapidly acquiring resistance to multiple
drug classes. The acquisition of resistance frequently observed
with C. glabrata has historically been ascribed to its haploid
genome. We hypothesized that a defect in DNA repair may
account for accelerated emergence of various genetic changes
responsible for drug resistance. Normally, DNA repair is
responsible for correcting errors made by DNA polymerase
during DNA replication, as well as for repairing DNA damage
caused by environmental factors, such as chemicals or radiation,
or by endogenous factors, such as reactive oxygen radicals. Thus
far, the role of DNA repair in fungal pathogens, especially in the
emergence of antifungal resistance, has not been explored in
depth.

Here we focused on the role of two DNA repair pathways in
C. glabrata—mismatch repair (MMR) and double-strand break
repair (DSBR)—because defects in these pathways in bacteria14

(in vitro and in vivo) and C. albicans15 (in vitro) have been shown
to lead to a hyper-mutable phenotype. More specifically,
homozygous disruption of DSBR gene RAD50 and MMR genes
MSH2 and PMS1 in C. albicans led to an elevated frequency of
fluconazole-resistant colonies15; therefore, we began our studies
examining homologous genes in C. glabrata. We found that
disruption of MSH2 in C. glabrata led to a hyper-mutable
phenotype and significant increases in the emergence of
antifungal resistant mutants. Nonsynonymous mutations
discovered within MSH2 in over half (195 out of 357) of the
clinical strains analyzed produced similar phenotypes. Our data
suggest that defects in mismatch repair represent a key,
underlying cellular mechanism that facilitates emergence of
resistance to multiple antifungals in C. glabrata.

Results
MSH2 deletion leads to an increase in resistant mutants. To
determine the effects of DNA MMR and DSBR on C. glabrata
antifungal resistance, we separately disrupted one MMR
gene, MSH2 (CAGL0I07733g) and one DSBR gene, RAD50
(CAGL0J07788g). Echinocandin and fluconazole minimum
inhibitory concentrations (MICs) were not significantly changed
(o2-fold) in the disruptants when compared with the wild type
parental strain (Supplementary Table 1). However, subsequent
antifungal selections revealed that the msh2D strains generated
B82-, 18- and 9-fold more caspofungin-, fluconazole- and
amphotericin B-resistant mutants, respectively, when compared
with the wild type strain (Fig. 1). The rad50D strain did not affect
antifungal resistance frequencies as strongly (2 to 5-fold increases
relative to wild type). The msh2D strain also exhibited
increased resistance frequencies to micafungin and voriconazole
(Supplementary Fig. 1). Over 90% of echinocandin- (caspofungin
and micafungin) selected colonies displayed high-level resistance
(MICs42 mgml! 1) and 100% of those resistant msh2D colonies
(25/25) displayed a hotspot mutation in either Fks1 or Fks2
(Table 1). Fks1/2 hotspot mutations represent the primary
mechanism of echinocandin clinical resistance16. C. glabrata
triazole resistance arises most commonly through overexpression
of drug efflux pumps, which is achieved through gain-of-function
mutation of the transcription factor Pdr1 (refs 17,18). As expected,
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Figure 1 | Deletion of MSH2 in C. glabrata leads to significantly more resistant colonies upon selection on multiple antifungal drugs. Wild type, msh2D
and rad50D strains were selected on media containing caspofungin (an echinocandin), fluconazole (a triazole) and amphotericin B (a polyene) at
concentrations from 16- to 32-fold greater than wild type MICs as described in Methods section. The plots show means of resistant colony frequencies
from Z3 independent experiments±s.d. See Supplementary Fig. 1 for resistant frequencies to voriconazole (triazole) and micafungin (echinocandin).
**Po0.01 (student’s t-test; two-tailed). Representative images of selection plates are shown. Scale bars¼ 1 cm.
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Candida species account for the most mucosal and invasive
fungal infections worldwide1 and are the fourth leading
cause of nosocomial bloodstream infections in the

United States2. Candida bloodstream infections cause estimated
healthcare costs of $2–4 billion per year in the United States alone
and are associated with a crude mortality rate of 40%, even with
antifungal treatment1. The current arsenal of antifungal drugs is
limited, with only two non-toxic antifungal classes to treat
candidiasis: triazoles (for example, fluconazole and voriconazole)
and echinocandins (for example, caspofungin and micafungin).
Polyenes, such as amphotericin B formulations, represent a third
class of antifungals, but polyene use is more restricted due to
nephrotoxicity3. Although 50% of worldwide candidemia cases
are caused by C. albicans, there has been a steady shift towards
non-albicans species over the past 20 years1,4. In North America,
C. glabrata now accounts for B25% of Candida infections4,5.
Albeit this species lacks some important Candida virulence
factors, including hyphal formation, between 20 and 30% of
C. glabrata strains exhibit triazole resistance, and this number
continues to rise6,7. C. glabrata has also developed resistance to
the echinocandins, which were introduced into the market less
than 15 years ago, at a faster rate than any other Candida
species6. Depending on the study and geographical location,
between 3 and 12% of C. glabrata isolates now demonstrate
resistance to one or more echinocandin6,8. Alarmingly, multi-
drug resistant (MDR) C. glabrata6,8–12, which exhibit resistance
to two or more classes of antifungal drugs, are commonly
encountered leaving virtually no options for treatment.

Different antifungal drug classes have distinct targets and
mechanisms of action and resistance13, and it is unclear why
C. glabrata is capable of rapidly acquiring resistance to multiple
drug classes. The acquisition of resistance frequently observed
with C. glabrata has historically been ascribed to its haploid
genome. We hypothesized that a defect in DNA repair may
account for accelerated emergence of various genetic changes
responsible for drug resistance. Normally, DNA repair is
responsible for correcting errors made by DNA polymerase
during DNA replication, as well as for repairing DNA damage
caused by environmental factors, such as chemicals or radiation,
or by endogenous factors, such as reactive oxygen radicals. Thus
far, the role of DNA repair in fungal pathogens, especially in the
emergence of antifungal resistance, has not been explored in
depth.

Here we focused on the role of two DNA repair pathways in
C. glabrata—mismatch repair (MMR) and double-strand break
repair (DSBR)—because defects in these pathways in bacteria14

(in vitro and in vivo) and C. albicans15 (in vitro) have been shown
to lead to a hyper-mutable phenotype. More specifically,
homozygous disruption of DSBR gene RAD50 and MMR genes
MSH2 and PMS1 in C. albicans led to an elevated frequency of
fluconazole-resistant colonies15; therefore, we began our studies
examining homologous genes in C. glabrata. We found that
disruption of MSH2 in C. glabrata led to a hyper-mutable
phenotype and significant increases in the emergence of
antifungal resistant mutants. Nonsynonymous mutations
discovered within MSH2 in over half (195 out of 357) of the
clinical strains analyzed produced similar phenotypes. Our data
suggest that defects in mismatch repair represent a key,
underlying cellular mechanism that facilitates emergence of
resistance to multiple antifungals in C. glabrata.

Results
MSH2 deletion leads to an increase in resistant mutants. To
determine the effects of DNA MMR and DSBR on C. glabrata
antifungal resistance, we separately disrupted one MMR
gene, MSH2 (CAGL0I07733g) and one DSBR gene, RAD50
(CAGL0J07788g). Echinocandin and fluconazole minimum
inhibitory concentrations (MICs) were not significantly changed
(o2-fold) in the disruptants when compared with the wild type
parental strain (Supplementary Table 1). However, subsequent
antifungal selections revealed that the msh2D strains generated
B82-, 18- and 9-fold more caspofungin-, fluconazole- and
amphotericin B-resistant mutants, respectively, when compared
with the wild type strain (Fig. 1). The rad50D strain did not affect
antifungal resistance frequencies as strongly (2 to 5-fold increases
relative to wild type). The msh2D strain also exhibited
increased resistance frequencies to micafungin and voriconazole
(Supplementary Fig. 1). Over 90% of echinocandin- (caspofungin
and micafungin) selected colonies displayed high-level resistance
(MICs42 mgml! 1) and 100% of those resistant msh2D colonies
(25/25) displayed a hotspot mutation in either Fks1 or Fks2
(Table 1). Fks1/2 hotspot mutations represent the primary
mechanism of echinocandin clinical resistance16. C. glabrata
triazole resistance arises most commonly through overexpression
of drug efflux pumps, which is achieved through gain-of-function
mutation of the transcription factor Pdr1 (refs 17,18). As expected,
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Figure 1 | Deletion of MSH2 in C. glabrata leads to significantly more resistant colonies upon selection on multiple antifungal drugs. Wild type, msh2D
and rad50D strains were selected on media containing caspofungin (an echinocandin), fluconazole (a triazole) and amphotericin B (a polyene) at
concentrations from 16- to 32-fold greater than wild type MICs as described in Methods section. The plots show means of resistant colony frequencies
from Z3 independent experiments±s.d. See Supplementary Fig. 1 for resistant frequencies to voriconazole (triazole) and micafungin (echinocandin).
**Po0.01 (student’s t-test; two-tailed). Representative images of selection plates are shown. Scale bars¼ 1 cm.
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Trichophyton rubrum, an anthropophilic and cosmopolitan fungus, is the most common agent of
superficial mycoses. In this study, T. rubrum infection was modelled by adding human skin
sections to a limited medium containing glucose and cDNA microarrays were used to monitor T.

rubrum gene expression patterns on a global level. We observed that exposure to human skin
resulted in upregulation of the expression levels of T. rubrum genes related to many cellular and
biological processes, including transcription and translation, metabolism and secondary transport,
the stress response, and signalling pathways. These results provide a reference set of T. rubrum

genes whose expression patterns change upon infection and reveal previously unknown genes
that most likely correspond to proteins that should be considered as virulence factor candidates
and potential new drug targets for T. rubrum infection.

INTRODUCTION

Trichophyton rubrum is a filamentous fungus found
throughout the world that can infect human keratinized
tissue (skin, nails and, rarely, hair), and is the causal agent of
80–90 % of all chronic and recurrent dermatophytoses
(Costa et al., 2002; Jennings et al., 2002; Monod et al., 2002).
This pathogen, which normally causes well-characterized
superficial infections, also produces skin infections in
unusual parts of the body in immunosuppressed patients
(Sentamilselvi et al., 1998; Smith et al., 2001; Squeo et al.,
1998). Although not normally life-threatening, dermato-
phyte infections are often difficult to eliminate completely
and they have a 25–40 % recurrence rate (Sentamilselvi
et al., 1998). Additionally, resistance to antifungal drugs
poses an increasing problem in clinical treatment; over the
past decade, an increasing number of cases of azole- and
terbinafine-resistant dermatophyte infections have been
reported (Fachin et al., 1996; Smith et al., 2001).

The prevalence of infections caused by T. rubrum and its
human-specific nature make it a good model for the study
of human pathogenic filamentous fungi. The epidemio-
logy, clinical case reports, strain-relatedness and drug

susceptibilities of the organism are well documented (Kane
et al., 1997). Several studies on T. rubrum pathogenicity have
provided evidence that genes involved in secretory activity
and membrane transporters play roles in the infection
process of the fungus (Fachin et al., 2006; Maranhão et al.,
2009). Despite its limited total number of genes, a cDNA
microarray analysis devised to monitor the gene expression
profile of T. rubrum during culture in keratin–soy-protein-
containing medium revealed some genes and dermatophyte-
specific mechanisms involved in the putative processes
related to T. rubrum infection (Staib et al., 2010; Zaugg et al.,
2009). All these findings provided important information
about the biological characteristics of T. rubrum and
enhanced our understanding of its pathogenicity.

Previously, our group reported a sequencing program of over
40 000 expressed sequence tags (ESTs) derived from 10
different stages of the T. rubrum life cycle, which represented
the first significant step towards a comprehensive description
of the cellular functions involved in T. rubrum biology (Wang
et al., 2004; Yang et al., 2007). In this study, we added human
skin sections to a limited T. rubrum growth medium, and
used cDNA microarray analysis to compare the transcription
patterns of dermatophyte fungi in skin suspension medium
and limited medium (LM). The results reveal a number of
genes for which expression may be specifically regulated
during infection, as well as genes related to virulence and
adaptation, thereby suggesting new potential drug targets for
the treatment of infections mediated by this pathogen.

METHODS

Ethics statement. This study was approved by the Review Board
of the Institute of Pathogen Biology. The skin samples used were

Abbreviations: EST, expressed sequence tag; KMC, k-means clustering;
MeV, MultiExperiment Viewer; RT, reverse transcription.

The GenBank/EMBL/DDBJ accession numbers for the EST sequences
used for cDNA microarray construction are DW405580–DW407270
and DW678211–DW711189. GenBank accession numbers of ESTs
corresponding to the positions on the cDNA microarray were deposited
in the Gene Expression Omnibus repository under the accession number
GPL7240. The microarray data were deposited in the Gene Expression
Omnibus repository under the accession number GSE15532.

Ten supplementary tables are available with the online version of this
paper.
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protease, serine-type peptidase, metallopeptidase and
prolidase pepP, which are likely involved in proteolysis
and related to pathogenicity (Krappmann & Braus, 2005;
Monod et al., 2002; Naglik et al., 2003).

Twenty-four other genes encoding components of the
proteasome and ubiquitin-conjugating enzymes E2 and E3
were also identified (Table S4).

Forty-eight genes were identified that functioned in amino
acid metabolic pathways, including those for arginine,
glutamine, proline, lysine, methionine, threonine, histidine
and glutamate, as well as pathways related to aromatic
amino acid biosynthesis, glutamate metabolism, methionine
metabolism and arginine metabolism (Table S5). Apart
from one gene that belonged to cluster III, the other 47 genes
belonged to clusters I, II and IV, which were overexpressed
during the culturing process. In our analysis, two putative
genes, DW678242 and DW680904, encoding homocitrate
synthase and a-aminoadipate reductase involved in lysine
biosynthesis, were induced throughout the infection pro-
cess. As a-aminoadipate reductase is a key enzyme in the
branched pathway for lysine and b-lactam biosynthesis of
filamentous fungi, and impaired lysine biosynthesis can

severely attenuate virulence in Aspergillus nidulans and
Aspergillus fumigatus (Liebmann et al., 2004; Tang et al.,
1994), our results suggest that lysine biosynthesis is related
to the process of T. rubrum infection as well.

Methionine production is also essential for protein biosyn-
thesis in micro-organisms. Our data indicate that the gene
EL785855, which encodes aspartate semialdehyde dehydro-
genase, was upregulated; this enzyme functions at the first
branch point in the biosynthetic pathway through which
bacteria, fungi and higher plants use aspartate to synthesize
certain amino acids, including lysine and methionine.

Secondary metabolites from fungi are usually active as
mycotoxins and virulence factors that may be involved in
the pathogenic development of fungal infections (Bennett &
Klich, 2003; Rementeria et al., 2005). Two genes, DW680904
and DW680891, involved in ergot alkaloid biosynthesis,
encoding L-aminoadipate-semialdehyde dehydrogenase and
dimethylallyl tryptophan synthase, were observed in cluster
I. The ergot alkaloids are a family of indole-derived myco-
toxins that have a variety of important biological activities
(Coyle & Panaccione, 2005; Tudzynski et al., 2001). Knocking
out the gene encoding dimethylallyl tryptophan synthase
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Fig. 1. KMC clustering of microarray data and
identification of genes with similar transcrip-
tional profiles. (a) A total of 768 genes were
clustered on the basis of their expression
profiles when cultured with human skin sec-
tions relative to their expression profiles when
cultured in LM across five time points. Each
gene belonged to one of the four KMC
clusters. Each gene’s expression values were
standardized to have a median of 0 and an SD

of 1 across the time points from 0 to 12 h. The
lighter colour in the cluster dendrogram is
correlated with a higher expression level. (b)
Mean expression profiles of the genes within
each cluster. To obtain each profile, a sum of
the expression values across the five time
points for each gene was standardized to 1.
Next, the time-course values for all genes in
each cluster were summed and the summed
value for the five time points for each cluster
was scaled to 1. log2(H/C): for each gene
in KMC clusters, log2(H/C) refers to log2
(expression level cultured in human skin
sections/expression level cultured in LM).

Gene expression changes in T. rubrum

http://jmm.sgmjournals.org 645

protease, serine-type peptidase, metallopeptidase and
prolidase pepP, which are likely involved in proteolysis
and related to pathogenicity (Krappmann & Braus, 2005;
Monod et al., 2002; Naglik et al., 2003).

Twenty-four other genes encoding components of the
proteasome and ubiquitin-conjugating enzymes E2 and E3
were also identified (Table S4).

Forty-eight genes were identified that functioned in amino
acid metabolic pathways, including those for arginine,
glutamine, proline, lysine, methionine, threonine, histidine
and glutamate, as well as pathways related to aromatic
amino acid biosynthesis, glutamate metabolism, methionine
metabolism and arginine metabolism (Table S5). Apart
from one gene that belonged to cluster III, the other 47 genes
belonged to clusters I, II and IV, which were overexpressed
during the culturing process. In our analysis, two putative
genes, DW678242 and DW680904, encoding homocitrate
synthase and a-aminoadipate reductase involved in lysine
biosynthesis, were induced throughout the infection pro-
cess. As a-aminoadipate reductase is a key enzyme in the
branched pathway for lysine and b-lactam biosynthesis of
filamentous fungi, and impaired lysine biosynthesis can

severely attenuate virulence in Aspergillus nidulans and
Aspergillus fumigatus (Liebmann et al., 2004; Tang et al.,
1994), our results suggest that lysine biosynthesis is related
to the process of T. rubrum infection as well.

Methionine production is also essential for protein biosyn-
thesis in micro-organisms. Our data indicate that the gene
EL785855, which encodes aspartate semialdehyde dehydro-
genase, was upregulated; this enzyme functions at the first
branch point in the biosynthetic pathway through which
bacteria, fungi and higher plants use aspartate to synthesize
certain amino acids, including lysine and methionine.

Secondary metabolites from fungi are usually active as
mycotoxins and virulence factors that may be involved in
the pathogenic development of fungal infections (Bennett &
Klich, 2003; Rementeria et al., 2005). Two genes, DW680904
and DW680891, involved in ergot alkaloid biosynthesis,
encoding L-aminoadipate-semialdehyde dehydrogenase and
dimethylallyl tryptophan synthase, were observed in cluster
I. The ergot alkaloids are a family of indole-derived myco-
toxins that have a variety of important biological activities
(Coyle & Panaccione, 2005; Tudzynski et al., 2001). Knocking
out the gene encoding dimethylallyl tryptophan synthase
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Fig. 1. KMC clustering of microarray data and
identification of genes with similar transcrip-
tional profiles. (a) A total of 768 genes were
clustered on the basis of their expression
profiles when cultured with human skin sec-
tions relative to their expression profiles when
cultured in LM across five time points. Each
gene belonged to one of the four KMC
clusters. Each gene’s expression values were
standardized to have a median of 0 and an SD

of 1 across the time points from 0 to 12 h. The
lighter colour in the cluster dendrogram is
correlated with a higher expression level. (b)
Mean expression profiles of the genes within
each cluster. To obtain each profile, a sum of
the expression values across the five time
points for each gene was standardized to 1.
Next, the time-course values for all genes in
each cluster were summed and the summed
value for the five time points for each cluster
was scaled to 1. log2(H/C): for each gene
in KMC clusters, log2(H/C) refers to log2
(expression level cultured in human skin
sections/expression level cultured in LM).
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Análise do perfil de expressão de 768 genes em T. rubrum em
diferentes tempos após o cultivo com fragmentos de pele humana.



 

Table S6. Function annotation and cluster distribution of genes induced by 
human skin sections that are involved in cell cycle. 

Accession Cluster Tentative annotation GO biological process 

DW700425 Ϩ� tubulin alpha-2 chain  
Chromatin assembly or 

disassembly 

DW689621 Ϩ� Beta tubulin 
chromatin modification; DNA 

repair;  

DW678846 ϫ� cell division control protein 14  
chromatin assembly or 

disassembly;  

DW709562 Ϩ�  (Peptidyl-prolyl cis-trans isomerase) (PPIase) (Rotamase) DNA replication 

EL788342 Ϩ� histone H2A  DNA replication  

EL788525 Ϩ� histone H3  transcription;  

DW678951 Ϩ� microtubule associated protein (Ase1), putative  transcription;  

DW699586 Ϩ� N-acetyltransferase family protein transcription;  

DW699538 Ϩ� nuclear pore protein (Nic96), putative  transcription;  

EL787890 Ϩ� nucleosome assembly protein Nap1, putative transcription 

DW699507 ϫ� Spo7-like protein transcription;  

DW703615 ϫ� Spo12 family protein mRNA metabolic process;  

DW697428 ϫ� ubiquitin conjugating enzyme (MmsB), putative  regulation of cell cycle 

EL790634 ϫ� Chromatin assembly factor-I transcription;  

DW678538 ϫ� crossover junction endonuclease mus81 transcription;  

EL787859 ϫ� DNA replication factor/protein phosphatase inhibitor SET/SPR-2 transcription;  

EL785627 ϩ� GNAT family acetyltransferase transcription;  

EL788156 Ϩ�
Heterochromatin-associated protein HP1 and related CHROMO 

domain proteins 
transcription;  

DW679399 Ϩ� histone acetyltransferase type B subunit 2  rRNA processing 

DW694640 ϫ� mRNA-nucleus export ATPase (Elf1), putative  regulation of cell cycle 

DW678337 ϫ� replication factor-A protein 1  transcription;  

DW705074 Ϩ� sister chromatid cohesion protein Dcc1, putative DNA replication  

DW704858 Ϩ�
beta-1, 6-N-acetylglucosaminyltransferase, contains WSC 

domain 
transcription;  

DW707856 Ϩ� beta-1,6-N-acetylglucosaminyltransferase, contains WSC domain transcription;  

DW683716 Ϩ� bZIP transcription factor (HacA), putative  transcription;  

DW708090 ϩ� C2H2 transcription factor (Azf1), putative transcription;  

DW692958 ϫ� C2H2 transcription factor (Sfp1), putative transcription 

DW696625 ϩ� C6 transcription factor, putative  transcription;  

DW686032 ϫ� CCR4-NOT core complex subunit Caf1, putative  mRNA metabolic process;  

DW698377 ϫ� Cell cycle control protein regulation of cell cycle 

DW703884 Ϩ� Chromatin remodeling complex RSC transcription;  

DW688637 ϩ� Chromodomain-helicase DNA-binding protein transcription;  

EL787133 Ϩ� CREB binding protein/P300 and related TAZ Zn-finger proteins transcription;  

EL790272 ϩ� DEAH-box RNA helicase transcription;  

EL788063 Ϩ� GATA transcription factor NsdD  transcription;  

EB801444 Ϩ� H/ACA ribonucleoprotein complex subunit 1   rRNA processing 

 

DW693707 ϩ� Hsp90 co-chaperone Cdc37 regulation of cell cycle 

DW691015 Ϩ� Leucine permease transcriptional regulator transcription;  

EL788724 ϩ� nuclear pore protein SEH1  
chromosome segregation; cell 

division 

DW699553 ϫ� putative bZIP transcriptional factor transcription;  

DW691809 ϩ� Putative nucleic acid-binding protein Hcc-1  

DW704315 ϫ� putative transcriptional factor transcription;  

DW696057 ϩ� Regucalcin gene promoter region-related protein (RGPR) transcription;  

EL788911 Ϩ� RNA polymerase II, large subunit transcription;  

EL786710 Ϫ� small nuclear ribonucleoprotein   nuclear mRNA splicing 

DW683001 Ϩ� Small nuclear ribonucleoprotein (snRNP) SMF RNA splicing 

DW700398 Ϩ�
SWI/SNF-related matrix-associated actin-dependent regulator of 

chromatin 
Transcription 

DW705122 Ϫ� Transcription factor transcription;  

DW678744 Ϩ� transcription factor (Snd1/p100), putative  transcription;  

DW698113 ϩ� Transcription factor containing C2HC type Zn finger transcription;  

DW705117 ϩ� Transcription factor OCT-1, contains POU and HOX domains transcription;  

DW680168 ϩ� transcription;  transcription;  

DW683070 Ϩ� transcription;  DNA binding;  transcription;  

DW696030 Ϩ� transcriptional repressor (TUP1), putative  transcription;  

DW705025 Ϩ� translationally controlled tumor protein-like variant I  nucleotide-excision repair;  

DW691497 ϫ� U1 snRNP component regulation of transcription 

DW686862 ϩ� UV-endonuclease UVE-1  nucleotide-excision repair;  

DW702899 Ϩ� zinc ion binding; protein binding,regulation of transcription, transcription;  

EL789985 ϩ� DNA binding protein transcription;  

DW707253 Ϩ� GDP-mannose pyrophosphorylase A  
cell cycle; biosynthetic 

process;  

 

Exemplos de genes do sistema em reparo NER que foram
modulados em T. rubrum em diferentes tempos após o cultivo com 

fragmentos de pele humana.



PROJETO
1. Determinar a homologia (% identidade) de genes de reparo 
de Trichophyton e Homo sapiens a nível de DNA e de proteína;
2. Determinar a estrutura primária de determinado gene de 
reparo em Trichophyton e comparar com humano.


