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Candida albicans Zinc Cluster Protein Upc2p Confers Resistance to
Antifungal Drugs and Is an Activator of Ergosterol
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The human pathogen Candida albicans is responsible for a large proportion of infections in immunocompromised individuals, and the emergence of drug-resistant strains is of medical concern. Resistance to
antifungal azole compounds is often due to an increase in drug efflux or an alteration of the pathway for
synthesis of ergosterol, an important plasma membrane component in fungi. However, little is known about the
transcription factors that mediate drug resistance. In Saccharomyces cerevisiae, two highly related transcriptional activators, Upc2p and Ecm22p, positively regulate the expression of genes involved in ergosterol
synthesis (ERG genes). We have identified a homologue in C. albicans of the S. cerevisiae UPC2/ECM22 genes
and named it UPC2. Deletion of this gene impaired growth under anaerobic conditions and rendered cells
highly susceptible to the antifungal drugs ketoconazole and fluconazole. Conversely, overexpression of Upc2p
increased resistance to ketoconazole, fluconazole, and fluphenazine. Azole-induced expression of the ERG
genes was abolished in a ⌬upc2 strain, while basal levels of these mRNAs remained unchanged. Importantly,
the purified DNA binding domain of Upc2p bound in vitro to putative sterol response elements in the ERG2
promoter, suggesting that Upc2p increases the expression of the ERG genes by directly binding to their
promoters. These results provide an important link between changes in the ergosterol biosynthetic pathway
and azole resistance in this opportunistic fungal species.
30). It helps maintain membrane integrity and fluidity, as well
as ensuring proper function of several membrane-bound enzymes (26). Accordingly, many antifungal drug classes target
enzymes in the ergosterol biosynthetic pathway. In Candida,
mutations or changes in levels of expression of ERG genes can
lead to alterations in drug sensitivity (20, 21, 34, 44).
Alternatively, the overexpression of drug efflux pumps is a
widespread and well-documented mechanism that confers
multidrug or pleiotropic drug resistance (PDR) in C. albicans.
In general, membrane-associated transporter proteins are responsible for ridding cells of a myriad of different compounds,
including hormones, ions, lipids, chemotherapeutic drugs, peptides, antibiotics, and antifungals (7, 24). There are at least two
groups of multidrug transporters involved in PDR in C. albicans: the major facilitator superfamily (e.g., Mdr1p) (28, 40),
and the ABC (ATP-binding cassette) transporter family, which
includes the Cdr1p and Cdr2p proteins.
In budding yeast, the transcriptional regulation of these
transporter genes is based on an intricate system involving
many different regulators (3, 4, 12, 25, 27, 29, 46). One prominent family of transcription factors that mediate PDR consists
of zinc cluster proteins. They are characterized by a highly
conserved Zn(II)2Cys6 zinc finger motif within the N-terminal
DNA binding domain (DBD). Well known Pdr1p and Pdr3p
zinc cluster proteins positively regulate the expression of several multidrug ABC transporter genes, including PDR5, SNQ2,
and YOR1. Yrr1p regulates SNQ2 and YOR1 expression (12,
25), while Stb5p positively regulates both SNQ2 and, to a lesser
extent, PDR5 (4). In addition, we have identified another pro-

The recent increase in numbers of severe fungal infections
caused by opportunistic organisms has become an imminent
medical concern. In particular, the human pathogen Candida
albicans is responsible for a large proportion of infections in
immunocompromised individuals; including patients undergoing cancer treatment, transplant patients, and those infected
with the human immunodeficiency virus (reviewed in references 35 and 40). The development of multidrug resistance in
clinical isolates has challenged effective treatment of these
infections. Specifically, the extensive and repetitive use of antifungal azole derivatives such as fluconazole has allowed C.
albicans to utilize many mechanisms of resistance in order to
ensure its survival. For instance, changes in the ergosterol
biosynthetic pathway including the overexpression or mutation
of the azole drug target ERG11, as well as overexpression of
multidrug transporters, have proven to be responsible for acquired multidrug resistance in this and other fungal species
(28, 31–33, 42).
Ergosterol is the main component of the fungal plasma
membrane and plays many important roles within the cell (28,
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TABLE 1. Strains used in this study

Strain

Genotypea

Reference

SGY-243 (wild type)
upc2⌬1
upc2⌬2
upc2⌬3
⌬upc2
CSM2-2
CSM2-3
CSM1-2
CSM1-3
CSM13-1
CSM13-2
CSM15-1
CSM15-2

ade2/ade2 ⌬ura3::ADE2/⌬::ADE2
UPC2/UPC2/UPC2/upc2⌬5-701::hisG
UPC2/UPC2/upc2⌬5-528::hisG/upc2⌬5-701::hisG
UPC2/upc2⌬4-335::hisG/upc2⌬5-334::hisG/upc2⌬5-701::hisG
upc2⌬4-178::hisG/upc2⌬5-177::hisG/upc2⌬4-528::hisG/upc2⌬5-701::hisG
SGY-243 RP10::(pCaEXP) URA3 MET3 prom
SGY-243 RP10::(pCaEXP) URA3 MET3 prom
SGY-243 RP10::(pCaEXP) URA3 MET3 prom-UPC2
SGY-243 RP10::(pCaEXP) URA3 MET3 prom-UPC2
⌬upc2 RP10::(pCaEXP) URA3 MET3 prom
⌬upc2 RP10::(pCaEXP) URA3 MET3 prom
⌬upc2 RP10::(pCaEXP) URA3 MET3 prom-UPC2
⌬upc2 RP10::(pCaEXP) URA3 MET3 prom-UPC2

15, 23
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

prom, promoter.

tein, Rdr1p, which acts as a transcriptional repressor of PDR5
(16). Two additional zinc cluster proteins in S. cerevisiae play
important regulatory roles within the ergosterol biosynthesis
pathway. Upc2p and Ecm22p are two highly homologous proteins that target the ERG2 and ERG3 genes by acting through
sterol response elements (SREs) in their promoters (36, 39).
Upc2p is also involved in the anaerobic expression of the
DAN/TIR genes that encode mannoproteins (1, 9). Moreover,
the upc2-1 mutant is responsible for the overexpression of the
ABC transporter genes AUS1 and PDR11, which are required
for sterol uptake (41). We have shown that a ⌬upc2 strain is
hypersensitive to ketoconazole, whereas a ⌬ecm22 strain is
susceptible to cycloheximide (4), suggesting roles for these two
factors in PDR.
Despite the wealth of information on transcription factors
that mediate PDR in budding yeast, little is known of regulators that modulate azole drug resistance in Candida. In this
study, we have identified a homologue of UPC2/ECM22 in C.
albicans. Deletion of this gene renders cells susceptible to
ketoconazole and fluconazole. In addition, drug-induced expression of some ERG genes is abolished in cells lacking
Upc2p. These results provide an important link between
changes in the ergosterol biosynthetic pathway and azole resistance in this opportunistic fungal species.
MATERIALS AND METHODS
Plasmid and strain construction. All experiments were performed with the C.
albicans strain SGY-243 or derivatives (Table 1). The SGY-243 ⌬upc2 strain was
constructed using four different knockout (KO) cassette plasmids. The 3⬘ end of
the first KO cassette was generated by amplifying 1,000 bp located at ⫺30 and
⫹1000 relative to the stop codon of the open reading frame (ORF) of UPC2
(orf19.391) with the oligonucleotides AGTACCTGCAGGCAAGGTGATAAT
GGGTTTA and CGGGATCCCTGTCATCATCATAAATGGC, respectively.
The PCR product was cut with HindIII and PstI and then subcloned into pMB-7
(14) cut with the same enzymes. The 5⬘ end of the cassette comprised 1,012 bp
(⫺999 to ⫹13 relative to the ATG) amplified with AGTACGAGCTCCCTCC
TGCAAAATAAACACG and ATCTAGGAGCTCCTGTCATCATCATAAAT
GGC. The PCR product was cut with SacI and then cloned into the modified
pMB-7 plasmid cut with SacI, already containing the 3⬘ fragment. The second,
third, and fourth KO cassette plasmids all retained the 5⬘ end of the original KO
cassette, while varying at the 3⬘ end to create three different internal KO cassettes (see Fig. 2A). A region located from ⫹1584 and ⫹2099 bp (relative to the
ATG) was amplified with AGATTACTCGAGGACCGTGAAAATTCGG
CTTA and ATCTAGAAGCTTTTACTGGTAAGGACGCTTGG to make up
the 3⬘ fragment of the second KO cassette, and a region located between ⫹1005
and ⫹1531 was amplified with AGATTACTCGAGGTCCATTCCTGCAAAT

CCAC and ATCTAGAAGCTTCTCCCAAGTCGACAGATATA to comprise
the 3⬘ end of the third KO cassette, while the region from ⫹535 to ⫹1005 was
amplified with AGATTACTCGAGATCTTTCTGGGTTAGGTGAC and ATC
TAGAAGCTTAGGTGATATGTTAGGTAACG for the 3⬘ end of the fourth
KO cassette. The PCR products were digested with HindIII and XhoI and then
cloned into the original KO cassette plasmid cut with HindIII and SalI. All of the
KO plasmids were linearized with PvuII before transforming them into the
appropriate strains.
To construct the expression plasmid pCaEXP-UPC2, the plasmid pCaEXP
described previously (8) was altered into pCaEXP-MCS, containing a multiple
cloning site (BamHI, NotI, XhoI, KpnI, XbaI, PstI, and SphI). It was created by
the insertion of annealed oligonucleotides GATCCATTAGCGGCCGCATCTC
GAGGGGGTACCCTAGTCTAGACTAGCTG and GCTAGTCTAGACTAG
GGTACCCCCTCGAGATGCGGCCGCTAATGCA into pCaEXP digested
with BamHI and PstI. The UPC2 ORF was amplified with CGGGATCCATG
ATGATGACAGTGAAACA and AGATTACTCGAGCTATTTCATATTCAT
AAACCCAT and then digested with BamHI and XhoI and subcloned into
pCaEXP-MCS cut with the same enzymes. The overexpression vector was linearized with StuI and integrated at the RP10 locus as described by Care et al. (8).
CAI4 (14) genomic DNA was used as a template in all PCRs. Transformations
were carried out using a standard lithium acetate procedure (2), with the exception of a 3-h incubation period at 30°C, followed by a 45-min heat shock at 42°C.
Cells were pelleted and resuspended in H2O before plating on selective media
lacking uridine. For SGY-243 ⌬upc2, positive clones were screened by PCR and
then confirmed by Southern blot analysis. The URA3 marker was removed using
negative selection with 5-fluoroorotic acid obtained from Sigma (14).
Media and drug susceptibility assays. Media were prepared according to
Adams et al. (2), while yeast-peptone-dextrose (YPD) was supplemented with
0.0025% uridine (Sigma). Fluphenazine (Sigma), fluconazole (Pfizer), and ketoconazole (Medisca, Montreal, Canada) stock solutions were diluted in H2O (10
mg/ml), 50% ethanol (5 mg/ml), and 100% ethanol (0.5 mg/ml), respectively.
Strains were grown overnight in 5 ml YPD supplemented with 0.0025% uridine
or minimal media lacking uridine. Cells were serially diluted into four concentrations: optical density at 600 nm of 0.1, 0.02, 0.004, and 0.0008. Ten microliters
of each dilution was spotted on the appropriate medium. Anaerobic conditions
were obtained with an anaerobic jar (Becton Dickenson) and gas pack (BBL
GasPak Ô; Becton Dickenson). Strains were grown at 30°C.
Southern and Northern blot analyses. Genomic DNA was isolated as described previously (38), and approximately 1 g was digested with ClaI. Digests
were extracted twice with phenol-chloroform and then precipitated with 0.2 M
NaCl and ethanol. Samples were electrophoresed on a 1% agarose–1⫻ Trisborate-EDTA gel and transferred to a nylon membrane (Hybond-N; Amersham). The probe, corresponding to nucleotides ⫹3475 to ⫹4389 relative to the
ATG, was amplified with the oligonucleotides ATAGGTCGGCGATACT
AGAA and ATCGATACTTCTTGCTCTAG (Fig. 2).
For RNA extraction, cells were grown in 100 ml YPD to an optical density at
600 nm of 1.0 and split into two 250-ml flasks. Fluconazole was added to one flask
at a final concentration of 5 g/ml. Twenty-five-ml aliquots were taken after 1 h
and 24 h of growth. RNA was isolated as described (19). Probes for Northern
blot analysis were fragments obtained by PCR and derived from ORFs of ERG2
(orf19.74), ERG7 (orf19.1570), ERG11 (orf19.922), and ERG25 (orf19.3732).
The 2.8-kb ACT1 fragment was excised from plasmid pBR322-ACTIN (kindly
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RESULTS
A C. albicans homologue of the S. cerevisiae UPC2 gene. The
Saccharomyces cerevisiae genome contains 54 ORFs that encode putative zinc cluster proteins, forming one of the largest
known families of uniquely fungal transcriptional regulators
(5). The recent sequencing of the diploid C. albicans genome
(22) reveals at least 77 putative members in this family, many
of which show strong homologies to characterized zinc cluster
proteins in budding yeast (S. Znaidi, B. Turcotte, A. Nantel,
and M. Raymond, unpublished results). A BLAST genome
search identified a C. albicans homologue of the S. cerevisiae
proteins Upc2p and Ecm22p. The UPC2 ORF (orf19.391) is
predicted to encode a protein of 712 amino acids exhibiting
high homology to the S. cerevisiae Upc2p and Ecm22p (Fig. 1).
The cysteine-rich N terminus predicts a zinc finger DBD, the
hallmark of this family of transcriptional regulators. The
N-terminal DBD of the C. albicans Upc2p and the putative
C-terminal activation domain are highly related to their S.
cerevisiae counterparts.
The UPC2 gene has multiple alleles in SGY-243. In order to
characterize the UPC2 gene product, we attempted to construct a strain carrying deletions of both UPC2 alleles in an
SGY-243 background (Table 1). After deleting two alleles with
a KO cassette based on the pMB-7 plasmid described by Fonzi
and Irwin (14), Southern blot analysis revealed the presence of
at least one extra copy of the UPC2 gene, suggesting the presence of multiple alleles, the occurrence of gene conversion, or
chromosome duplication. Consequently, we constructed three
additional internal KO cassette plasmids (Fig. 2A). We used a
strain carrying a single deletion of UPC2 to perform three
more transformation rounds. Southern blot analysis revealed
the presence of four UPC2 alleles in this particular genetic
background (Fig. 2B). The complete removal of the wild-type
UPC2 allele was confirmed by the disappearance of the 6.9-kb
fragment (Fig. 2B).
Deletion of UPC2 renders C. albicans susceptible to drugs.
As stated above, a S. cerevisiae ⌬upc2 strain is hypersensitive to
the antifungal drug ketoconazole (4). We wished to test if a C.
albicans strain lacking the UPC2 gene product also demon-

TABLE 2. Known and putative SREs found in various promotersa
Promoter

Sequence

Position (bp)
relative to
ATG

S. cerevisiae
ERG2

CTCGTATAAGC

⫺383

TTCGTAAACGA
CTCGTTTACGA
CTCGTTTAGAG

⫺587
⫺582
⫺356

TTCGGATAAGT
TTCGGATAACG
GTCGTATAAAA
ATCGTATCACC

⫺326
⫺233
⫺213
⫺441

ERG7

AACGTATTGTC
TACGTTTAATC
GTCGTGTACAA
CACGTGAATCC
ATCGTTTAAAA

⫺314
⫺309
⫺213
⫺164
⫺84

ERG11

CACGTACAATC
GTCGTATAGAT
CTCGTTTAGAG
GTCGTATATTC

⫺517
⫺484
⫺456
⫺228

ERG25

GTCGTTTAGAA
GTCGTATAACT
CACGTCTTCTT
CACGTGAATCC
ATCGTTTAAAA

⫺462
⫺427
⫺401
⫺164
⫺84

UPC2

ATCGTTAAACA

⫺179

UPC2

C. albicans
ERG2

Source or reference

39

SRE A, this study
SRE B, this study
SRE C, this study

a

Sequences of known (S. cerevisiae) and putative SREs are listed along with
their position relative to the initiator codon. The search criterion was based (i)
on sequences found within 600 bp upstream of the ATG and (ii) on nucleotides
that match the SRE found in the S. cerevisiae ERG2 promoter (these nucleotides
are shown in bold).

strated a similar phenotype. Wild-type (SGY-243) and deletion
strains were serially diluted and spotted on rich medium plates
supplemented with ketoconazole and fluconazole (Fig. 3A).
All strains in this spotting assay lacked the URA3 auxotrophic
marker. The wild-type strain or a strain deleted of one UPC2
allele showed similar growth in the absence of drugs, while
removal of two or more UPC2 alleles resulted in a moderate
growth advantage. Deletion of one allele of UPC2 did not
impair growth on plates containing ketoconazole or fluconazole. Interestingly, strains lacking two, three, or all copies of
UPC2 had severely impaired growth on ketoconazole. On fluconazole plates, marked growth defects were observed only
upon removal of three or four UPC2 alleles. We also tested the
deletion strains’ ability to grow on fluphenazine, a calmodulin
inhibitor. When normalized to the control plate, a slight susceptibility to fluphenazine was observed only with the strain
lacking the four UPC2 alleles.
Overexpression of UPC2 confers resistance to drugs. The
observed drug phenotype was reversed by overexpressing the
UPC2 gene in a ⌬upc2 strain, demonstrating that this gene is at
least partially responsible for conferring drug resistance (Fig.
3B). The UPC2 ORF was placed under the control of the
MET3 promoter in the overexpression vector pCaEXP-MCS
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provided by Beatrice Magee, University of Minnesota) by digestion with EcoRI
and HindIII.
Protein expression, purification, and EMSA. For protein expression and purification and electrophoretic mobility shift assay (EMSA), a DNA fragment
encoding the DBD of Upc2p (amino acids 1 to 148) was amplified by PCR using
the oligonucleotides CGGGATCCATGATGATGACAGTGAAACA and GG
AATTCTTAAATCACCGGCTGAGTTTTGA. The fragment was digested with
BamHI and EcoRI and ligated to the bacterial expression vector pGEX-F (17)
cut with the same enzymes. The DBD was expressed in Escherichia coli as a
glutathione S-transferase fusion and purified, and the glutathione S-transferase
moiety was removed by thrombin cleavage as described previously (17). The
following oligonucleotides were used as probes (Table 2): ERG2 SRE A, TCG
AATTCGGATAAGT and TCGAACTTATCCGAAT; ERG2 SRE B, TCGAC
GTTATCCGAAT and TCGAATTCGGATAACG; ERG2 SRE C, TCGATGT
CGTATAAAA and TCGATTTTATACGACA; ERG2 Mut C, TCGATGTCA
GATAAAA and TCGATTTTATCTGACA (mutations are underlined); and
ERG2 SRE (from S. cerevisiae), TCGACCTCGTATAAGC and TCGAGCTTA
TACGAGG.
Binding reactions (4% glycerol, 4 mM Tris-HCl, pH 8.0, 40 mM NaCl, 4 mM
MgCl2, 10 M ZnSO4, 0.5 g sheared salmon sperm DNA, approximately 60 ng
of each radiolabeled probe, 0.2 l protein extract, 0.2% bromophenol blue) were
carried out for 20 min at room temperature before electrophoresis on a 0.5⫻
Tris-borate-EDTA, 4% acrylamide gel that was prerun for 2 h at 120 V.
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FIG. 1. Homology between the gene product of the C. albicans ORF orf19.391 and S. cerevisiae Upc2p and Ecm22p. Deduced amino acid
sequences of C. albicans ORF orf19.391 (CaUpc2p) with S. cerevisiae Upc2p (ScUpc2p) and Ecm22p (ScEcm22p) are compared. Amino acid
numbering is shown on the right part of the figure. ORF orf19.391 was translated using the C. albicans genetic code. Two putative bipartite nuclear
localization signals, NLS1 and NLS2 (predicted by PSORT II), are indicated by a line. Cysteines of the zinc cluster domains of the various Upc2p
proteins are represented by dots. The box at the bottom of the figure corresponds to a highly conserved region among the three proteins which
includes four transmembrane segments (TM1 to -4; striped bars) predicted by TMAP. The position of the amino acid change (Gly to Asp) in the
S. cerevisiae upc2-1 mutant (11) is shown by an asterisk.

and then integrated into the ⌬upc2 strain at the RP10 locus (8).
The empty vector was also integrated at the same locus into the
wild-type and deletion strains to serve as controls. Two separate integrants from each transformation were spotted to ensure that there was no variability between transformants that
may have been caused by a spontaneous mutation. In the

absence of drugs, all strains grew at relatively the same rate
(Fig. 3B). Furthermore, the deletion strain demonstrated severely impaired growth on minimal media in the presence of
either ketoconazole or fluconazole, as observed on rich medium (Fig. 3A). Strikingly, overexpression of the UPC2 gene
product in the deletion strain not only rescued its phenotype
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but also conferred resistance to ketoconazole, fluconazole, and
fluphenazine that even surpasses that of the wild-type strain.
A strain lacking UPC2 has impaired growth under anaerobic conditions. In S. cerevisiae, Upc2p regulates genes in the
oxygen-dependent ergosterol biosynthetic pathway. Under hypoxic conditions, UPC2 is upregulated and plays a not-wellunderstood yet critical role in anaerobic sterol uptake (1). We
show that the UPC2 homologue is also important in C. albicans
when grown under anaerobic conditions. In this spotting assay,
strains used in Fig. 3B were grown aerobically overnight before
being serially diluted on minimal medium plates and incubated
under aerobic or anaerobic conditions. Under anaerobic conditions, growth of strains lacking the UPC2 gene was severely
impaired when compared to the wild-type strain (Fig. 3C),
while overexpression of UPC2 lead to stronger growth than the
wild-type strain (Fig. 3C).
Upc2p increases ERG and UPC2 mRNA levels upon fluconazole treatment. Given that Upc2p controls expression of the
ergosterol biosynthetic genes in S. cerevisiae (39, 41), we
wanted to determine if its Candida homologue plays a similar
role. Wild-type and ⌬upc2 strains were treated or not with
fluconazole (1 h, 24 h) and RNA was isolated for Northern blot
analysis (Fig. 4). As expected, no UPC2 mRNA could be detected in the deletion strain. Interestingly, treatment with fluconazole (1 h, 24 h) increased UPC2 mRNA levels (Fig. 4, top
panel). In the wild-type strain, antifungal treatment also increased mRNA levels of the ergosterol biosynthetic genes
ERG2, ERG7, ERG11, and ERG25. The effect was sustained
even after 24 h of exposure to fluconazole. Importantly, increases in mRNA levels were not observed for tested genes in
cells lacking Upc2p, while basal levels remained unchanged.
Probing with an actin control probe showed similar loading.
Purified Upc2p DBD binds in vitro to DNA elements in the
ERG2 promoter. We wanted to obtain additional evidence that
Upc2p is a transcriptional activator of ergosterol genes. In S.
cerevisiae, Upc2p regulates ERG2 gene expression by binding
directly to an SRE in its promoter (39). Upon examination of
the C. albicans ERG2 promoter (up to 600 bp upstream of the
coding region), we identified several similar elements with

closely related sequences (Table 2). ERG2 SREs “A” and “B”
contain the sequence TCGGATAA, while the ERG2 SRE “C”
located closest to the ATG, differs (residue in boldface and
underlined) slightly (TCGTATAA). (Boldface letters correspond to nucleotides that differ from the core sequence of the
SRE “C” [see Table 2].) The purified DBD (amino acids 1 to
148) of the C. albicans Upc2p was used in an EMSA to test if
it could bind to these elements (Fig. 5). Results show that the
DBD of Upc2p binds to an SRE found in the promoter of S.
cerevisiae ERG2 (Fig. 5, lanes 1 and 2). Probes in lanes 3 to 8
correspond to the putative SREs “A,” “B,” and “C” from the
C. albicans ERG2 promoter. The DBD of Upc2p preferentially
binds to SRE “C” that contains the sequence TCGTATAA,
while reduced binding is observed with SREs “A” and “B”
which contain the sequence TCGGATAA (Fig. 5, compare
lanes 4, 6, and 8). Moreover, mutating the SRE “C” to TCAGATAA completely abolished binding of Upc2p (Fig. 5, lane
10). All together, these results suggest that Candida Upc2p
controls the expression of ERG2 and related genes by binding
to SREs found in their promoters.
DISCUSSION
Many studies have focused on processes that are responsible
for increased drug resistance in C. albicans and other pathogenic fungi. For example, increased drug efflux and alteration
of the ergosterol biosynthetic pathway constitute two wellknown mechanisms used by yeast cells to escape drug toxicity
(35, 40). However, less is known about the transcriptional
regulators that are involved in mediating PDR. The zinc cluster protein Fcr1p complements a ⌬pdr1 ⌬pdr3 strain in S.
cerevisiae, but appears to act as a negative regulator of multidrug resistance in C. albicans (38). Tac1p, another zinc cluster
protein, regulates the expression of the ABC transporters
CDR1 and CDR2 (10). Moreover, the bZip transcription factor
Cap1p and Fcr3p are also involved in PDR, although their
targets are not well defined (6, 43, 45).
In S. cerevisiae, we have previously shown that deletion of
UPC2 results in hypersensitivity to the antifungal ketoconazole
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FIG. 2. Southern blot analysis of strains carrying deletion of the UPC2 gene. (A) Schematic view of the UPC2 gene and deleted alleles. The
black rectangle corresponds to the probe used for Southern blot analysis, and the dotted rectangle corresponds to the UPC2 ORF. Deletions were
performed as described in Materials and Methods. Expected lengths of ClaI fragments for wild-type and deleted alleles (upon looping out the
URA3 marker by internal recombination) are also given. (B) Southern blot analysis of wild-type strain (WT) and upc2⌬1, upc2⌬2, upc2⌬3
and⌬upc2 strains carrying deletion of one to four alleles of the UPC2 ORF, respectively. Lengths of fragments are given on the right part of the
figure.
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while deletion of the highly related gene ECM22 results in
sensitivity to the translation inhibitor cycloheximide (4). Upc2p
and Ecm22p, which are both members of the zinc cluster family of transcriptional regulators (5), have overlapping roles,
including activation of sterol biosynthetic genes (36, 39). We
have identified only one homologue of S. cerevisiae Upc2p/
Ecm22p in the C. albicans genome (Fig. 1) (data not shown).
Our study in C. albicans shows that a ⌬upc2 strain is hypersensitive to the antifungals ketoconazole and fluconazole (Fig.
3A). Conversely, overexpression of Upc2p in the KO strain
results in increased resistance to these drugs as well as to
fluphenazine when compared to a wild-type strain (Fig. 3B).
Moreover, the ⌬upc2 strain shows growth defects under anaerobic conditions (Fig. 3C), while overexpression of UPC2
leads to growth superior to that of the wild-type strain. In S.
cerevisiae, Upc2p is involved in sterol uptake under anaerobic

conditions (41) while the upc2-1 mutant is hyperactive even
under aerobic conditions (11, 41). However, we did not observe reduced growth of a double ⌬upc2 ⌬ecm22 KO strain
(BY4742 background) under anaerobic conditions (S.
MacPherson and B. Turcotte, unpublished results). This phenotypic difference may be due to the fact that these two fungal
species proliferate in quite different environments.
Northern blot analysis has shown that mRNA levels of the
ERG genes tested are increased upon exposure to fluconazole
(Fig. 4). Strikingly, this effect is abolished in a ⌬upc2 strain
while basal levels of ERG mRNAs remained unchanged. Perturbation of the sterol metabolism has been associated with
altered drug sensitivity (20, 21, 34, 44). In keeping with our
results, other studies have shown that exposure to the antifungal itraconazole increases expression of ergosterol biosynthetic
genes (13, 18). Thus, the azole susceptibility of a ⌬upc2 strain
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FIG. 3. Phenotypes of strains carrying deletions of the UPC2 gene. Strains were grown overnight in YPD supplemented with uridine. Cells were
serially diluted and spotted on plates as described in Material and Methods. (A) Wild-type strain (WT) and strains carrying one to four deletions
of the UPC2 gene (Table 1) were spotted on YPD-uridine plates without drugs or YPD-uridine plates containing ketoconazole, fluconazole, or
fluphenazine, as indicated on the figure. Cells were grown for 24 h (upper left panel) or 48 h (upper right and lower panels). (B) Spotting
experiments were carried out with two independent integrants (Table 1). A wild-type strain with an integrated pCaEXP plasmid, WT ⫹ pCaEXP
(strains CSM2-2 and CSM2-3); a UPC2 deletion strain with an integrated pCaEXP plasmid, ⌬upc2 ⫹ pCaEXP (strains CSM13-1 and CSM13-2);
and a UPC2 deletion strain with an integrated UPC2 overexpression vector, ⌬upc2 ⫹ pCaEXP-UPC2 (strains CSM15-1 and CSM15-2) were
spotted on minimal medium plates (lacking methionine, cysteine, and uridine) without drugs or containing ketoconazole, fluconazole, or
fluphenazine, as indicated on the figure. Cells were grown for 24 h (upper left panel), 48 h (upper right and lower left panels), or 72 h (lower right
panel). (C) Strains used in Fig. 3B were grown for 24 h in the presence of oxygen or for 48 h in the absence of oxygen on minimal plates (lacking
methionine, cysteine, and uridine).

VOL. 49, 2005

Upc2p CONFERS RESISTANCE TO ANTIFUNGALS IN C. ALBICANS

1751

FIG. 4. Northern blot analysis of UPC2 and ERG genes. Wild-type
(WT) and ⌬upc2 strains were treated (⫹) or not (⫺) for 1 h or 24 h
with 5 g/ml fluconazole (FCZ), and RNA was isolated for Northern
blot analysis. RNAs were hybridized with various probes as indicated
on the right part of the figure.

could be explained by its inability to increase ergosterol synthesis.
More direct evidence for Upc2p in regulating ERG gene
transcription was provided by EMSA analysis. The purified
DBD of Upc2p bound in vitro to SREs derived from the S.
cerevisiae and C. albicans ERG2 promoters (Fig. 5). Of two
related DNA elements, TCGTATAA was preferred over the
related sequence TCGGATAA. In S. cerevisiae, Upc2p and
Ecm22p also recognize the core sequence TCGTATAA (39),
an observation that can be explained by the strong homology of
the DBDs of these proteins with their Candida counterpart
(Fig. 1). Interestingly, the preferred SRE site is also found in
the ERG7, ERG11, and the ERG25 promoters, whose azoleinduced expression is also dependent on Upc2p (Table 2).
Moreover, similar sites are also found in the promoters of
other genes of the ergosterol pathway (data not shown). UPC2
mRNA levels are increased upon antifungal drug treatment
(Fig. 4), suggesting an autoregulatory mechanism. Again, this
parallels S. cerevisiae where UPC2 promoter activity is increased under anaerobic conditions (1). Azole induction of
UPC2 expression may be explained by the presence of a SRE
in the promoter of this gene (Table 2), although regulation by
another transcription factor is also possible.
While this work was under review, Silver et al. reported
similar observations with a strain different from the one used in
our study (37). Silver et al. also observed increased sensitivity

of a ⌬upc2 strain to azoles. Moreover, the ⌬upc2 strain was
sensitive to various other drugs, including terbinafine, fenpropimorph, lovastatin, and calcofluor white. Removal of
UPC2 resulted in decreased ergosterol levels and cholesterol
uptake (37). Northern blot analysis showed Upc2p-dependent
increase of UPC2, ERG2, and ERG11 mRNA levels upon
fluconazole treatment, in agreement with our observations.
Thus, two independent studies link drug resistance and sterol
metabolism to the transcription factor Upc2p in C. albicans.
The sequencing of the C. albicans genome reveals the presence of 77 putative ORFs encoding zinc cluster proteins, many
of which have very close homologues in budding yeast. Based
on what we know of this family of transcriptional regulators in
S. cerevisiae, it is highly likely that these putative zinc cluster
proteins play important roles, encompassing a wide spectrum
of cellular functions. Importantly, many may be implicated in
PDR as observed in S. cerevisiae (4). Clearly, further characterization of the Upc2 protein, as well as assignment of roles to
other putative regulators, will be required to better comprehend the mechanism of drug resistance in this pathogenic
species. As stated above, zinc cluster proteins are characterized
by the presence of a highly conserved Zn(II)2Cys6 zinc finger
required for DNA recognition. Interestingly, this motif is only
found in fungi. Given the emergence of fungi that show resistance to cytotoxic compounds, zinc cluster proteins may constitute new targets for antifungal drugs. For instance, a drug
disrupting the zinc finger of Upc2p could be effective when
used in combination with other compounds such as azoles.
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