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Candida albicans is an opportunistic human fungal pathogen and a causative agent of oropharyngeal can-
didiasis (OPC), the most frequent opportunistic infection among patients with AIDS. Fluconazole and other
azole antifungal agents have proven effective in the management of OPC; however, with increased use of these
agents treatment failures have occurred. Such failures have been associated with the emergence of azole-
resistant strains of C. albicans. In the present study we examined changes in the genome-wide gene expression
profile of a series of C. albicans clinical isolates representing the stepwise acquisition of azole resistance. In
addition to genes previously associated with azole resistance, we identified many genes whose differential
expression was for the first time associated with this phenotype. Furthermore, the expression of these genes was
correlated with that of the known resistance genes CDR1, CDR2, and CaMDRI. Genes coordinately regulated
with the up-regulation of CDRI and CDR?2 included the up-regulation of GPXI and RTA3 and the down-
regulation of EBPI. Genes coordinately regulated with the up-regulation of CaMDRI included the up-regula-
tion of IFD1, IFD4, IFDS5, IFD7, GRP2, DPP1, CRD2, and INOI and the down-regulation of FET34, OPI3, and
IPF1222. Several of these appeared to be coordinately regulated with both the CDR genes and CaMDRI. Many
of these genes are involved in the oxidative stress response, suggesting that reduced susceptibility to oxidative
damage may contribute to azole resistance. Further evaluation of the role these genes and their respective gene

products play in azole antifungal resistance is warranted.

The human fungal pathogen Candida albicans is a cause of
mucosal, cutaneous, and systemic infections, including oropha-
ryngeal candidiasis (OPC), the most frequent opportunistic
infection among AIDS patients (11, 21). The azole antifungal
agents, particularly fluconazole, have proven effective for the
management of OPC. The repetition and lengthy duration of
therapy for OPC in this patient population has led to an in-
creased incidence of treatment failures secondary to the emer-
gence of azole resistance in this pathogenic fungus (33, 42, 55;
S. L. Kelly, D. C. Lamb, D. E. Kelly, J. Loeffler, and H. Einsele,
Letter, Lancet 348:1523-1524, 1996).

The azole antifungal agents exert their activity by inhibiting
the biosynthesis of ergosterol, the major membrane sterol of
fungi. By binding to the heme in the active site of the cyto-
chrome P450 enzyme, lanosterol demethylase, azoles inhibit its
activity (19). Several mechanisms of resistance to azole anti-
fungal agents in C. albicans have been described (12, 13, 28,
43-45, 53, 54). Point mutations in the gene encoding lanosterol
demethylase (ERGII) may result in conformational changes
that prevent effective binding between azoles and their target,
while not affecting the function of the enzyme in ergosterol
biosynthesis (44, 54). Increased expression of the ERG11 gene
has also been associated with azole resistance (13, 37, 53). This
presumably results in increased production of lanosterol de-
methylase, which exceeds the capacity of the azole antifungal
agent.
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In addition to reducing the synthesis of ergosterol, the inhi-
bition of lanosterol demethylase leads to the accumulation of
the toxic sterol, 14a-methylergosta-8,24(28)-dien-3B,6a-diol,
which inhibits fungal cell growth (20). Alterations in ergosterol
biosynthesis enzymes that result in the accumulation of alter-
nate, nontoxic sterols in place of toxic sterols would allow the
organism to circumvent this effect and lead to azole resistance.
Indeed, inactivation of the ERG3 gene product, A% desatu-
rase, results in elevated membrane fecosterol content and flu-
conazole resistance (20, 36; Kelly et al., letter).

Two classes of efflux pumps have been implicated in azole
resistance: the ATP binding cassette (ABC) transporters and
the major facilitators (12, 13, 28, 45, 53). The genes encoding
two of the ABC transporters in C. albicans, CDRI and CDR?2,
as well as that encoding a major facilitator, CaMDRI (BMRI),
have been shown to be overexpressed in resistant isolates.
Overexpression of these efflux pumps is presumed to prevent
accumulation of effective concentrations of the azole antifun-
gal agent in the fungal cell. While all of the mechanisms de-
scribed here can impart reduced azole susceptibility, high-level
azole resistance appears to accumulate gradually over time and
to involve multiple mechanisms (37). These mechanisms indi-
vidually contribute only partially to the overall high-level, clin-
ically relevant, resistant phenotype.

The constitutive overexpression of the ERG11, CDRI, CDR2,
and MDRI genes in azole-resistant isolates of C. albicans is
suggestive of mutations in the cis or trans regulatory elements
of these genes. When the promoter sequences of CaMDRI
alleles of two azole-resistant isolates of C. albicans were com-
pared to those of their respective matched susceptible coun-
terparts, no mutations were found that might be responsible
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TABLE 1. Compilation of previously reported and verified MICs and described resistance mechanisms for
C. albicans isolates used in this study

MIC (pg/ml)”

Isolate . Alternate a Previously described resistance mechanism(s)”
isolate name Previously determined® This study
2-79 2 2 0.25
2-80 3 8 4 Increased expression of MDRI
8-46 15 32 16 Increased expression of MDRI and ERG11, loss of allelic variation in ERG11,
point mutation in ERG11
12-99 17 >64 >64 Increased expression of MDRI and ERG11, loss of allelic variation in ERG11,

point mutation in ERG11, increased expression of CDRI and CDR?2

“ As reported in reference 55.

for altered CaMDRI activation. Using a green fluorescence
protein fused to the CaMDRI promoter from an azole suscep-
tible strain, these investigators observed increased fluores-
cence when the construct was introduced into an azole-resis-
tant strain that constitutively overexpresses CaMDRI (56).
Other investigators using a Renilla luciferase reporter system
fused to CDRI and CDR2 promoters cloned from azole-sus-
ceptible C. albicans isolates showed that their expression was
increased in an azole-resistant strain in which these genes are
constitutively up-regulated. These investigators also identified
a common unique drug response element (DRE) in the pro-
moters of CDRI and CDR2 (6). The trans and cis regulatory
elements responsible for the regulation of genes associated
with azole resistance in C. albicans have yet to be identified.
Recently DNA microarray analysis has been applied to the
study of azole resistance in C. albicans in both laboratory (4)
and clinical (41) isolates. In the former study, azole resistance
was experimentally induced by passage of the organism in
increasing concentrations of fluconazole (4). The expression
profiles of multiple isolates in these series were then compared
using a DNA microarray representing a portion of the C.
albicans genome. In addition to CDR2 and MDRI, these in-
vestigators identified a number of genes that were differentially
expressed in experimental azole resistance, including the de-
hydrogenases/oxidoreductases YPLSS, YPX98 (IFD6), and
YPRI127W. Other genes found to be differentially expressed
included the glutathione peroxidase gene HYRI (GPXI),
ADH4, GRE99, YOR49 (RTA2), HSP12, and URE2. Using a
similar DNA microarray, we recently compared the partial
expression profiles of a well-characterized matched pair of
azole-susceptible and -resistant clinical isolates (41). In addi-
tion to CDRI, genes found to be differentially expressed in-
cluded the oxidative stress response genes CRD2, GPXI (as
previously reported in experimental azole resistance), and
IFD5 (similar to IFD6). Other genes found to be differentially
expressed in this study included the ergosterol biosynthesis
pathway gene ERG2 and the drug resistance gene RTA3 (sim-
ilar to RTA2). In the study by Cowen et al., microarray exper-
iments were limited to three sets of isolates where fluconazole
resistance (MIC = 64 pg/ml) was experimentally induced, used
DNA arrays inclusive of only a portion of the C. albicans
genome, and included evaluation of only 10 genes by Northern
blot analysis in unmatched azole-susceptible and -resistant
clinical isolates. Likewise, our previous study (41) was limited
to the initial and final isolates in a series of clinical isolates
representing the stepwise acquisition of azole resistance (29,
39, 40, 53). Furthermore, this previous study also used DNA

microarray analysis inclusive of only a portion of the genome
(3,529 annotated genes) and only included genes for which
differential expression was confirmed by RT-PCR.

In the present study, we expand on our previous work by
using a genome-wide DNA microarray (representing 6,039
unique open reading frames [ORFs]) to examine changes in
the gene expression profile during the stepwise acquisition of
the azole-resistant phenotype in this series of clinical isolates.
In addition to the novel identification of a number of genes
that are differentially expressed in azole resistance, we have
found groups of genes that are differentially expressed across
this set of isolates coordinately with either CDRI and CDR2,
CaMDR], or genetic changes in the ERG11 gene. These find-
ings suggest that these sets of coordinately regulated genes
may be controlled by common regulatory systems and lend
insight into the elucidation of their regulatory elements.

MATERIALS AND METHODS

C. albicans isolates and growth conditions. C. albicans isolates 2-79, 2-80, 8-46,
and 12-99 were obtained from Spencer W. Redding and Theodore C. White. A
compilation of MICs, alternate names, and previously described resistance mech-
anisms for this set of isolates is presented in Table 1. An aliquot of glycerol stock
from each isolate was diluted in YPD broth (1% yeast extract, 2% peptone, 1%
dextrose) and grown overnight at 30°C in an environmental shaking incubator.
Two independent sets of cultures were diluted to an optical density at 600 nm
(ODgqp) of 0.2 in fresh YPD and grown as before to the early logarithmic phase
to the equivalent OD (0.4 to 0.5) for subsequent RNA isolation.

Susceptibility testing of C. albicans isolates. The MICs of fluconazole were
determined using broth microdilution techniques as described by the National
Committee for Clinical Laboratory Standards (22). The cells were cultured in
RPMI 1640 buffered at pH 7.0 with MOPS (morpholinepropanesulfonic acid)
with the starting inoculum at approximately 0.5 X 103 to 2.5 X 10> CFU/ml.
Microtiter trays were incubated at 35°C in a moist, dark chamber, and the MICs
were recorded after 48 h of incubation. The susceptibility endpoint was defined
as the lowest concentration of antifungal which resulted in visible growth that
was reduced by 80% compared with growth of the control. The determinations
of the MICs for the isolates were performed prior to experimental use.

Total RNA isolation. RNA was isolated using the hot phenol method (13).
Briefly, cells were collected by centrifugation and snap-frozen in liquid nitrogen.
Frozen cells were resuspended in 12 ml of AE buffer (50 mM sodium acetate [pH
5.2], 10 mM EDTA) at room temperature, after which 800 pl of 25% sodium
dodecyl sulfate and 12 ml of acid phenol (Fisher Scientific, Houston, Tex.) were
added. The cell lysate was then incubated 10 min at 65°C with vortexing each
minute, cooled on ice 5 min, and subjected to centrifugation for 15 min at 11,952
X g. Supernatants were transferred to new tubes containing 15 ml of chloroform,
mixed, and subjected to centrifugation at 200 X g for 10 min. RNA was precip-
itated from the resulting aqueous layer by transferring that portion to new tubes
containing 1 volume isopropanol and 0.1 volume 2 M sodium acetate, pH 5.0;
mixing well; and subjecting the mixture to centrifugation at 17,211 X g for 35 min
at 4°C. The supernatants were removed, the pellet was resuspended in 10 ml of
70% ethanol, and the RNA was collected by centrifugation at 17,211 X g for 20
min at 4°C. Supernatants were again removed, and RNA was resuspended in
diethyl pyrocarbonate-treated water. The OD,g4, and OD,g, were measured, and
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the integrity of the RNA was visualized by subjecting 2 to 5 pl of the sample to
electrophoresis through a 1% agarose-MOPS gel.

Microarray design and preparation. The C. albicans microarray was manu-
factured by Eurogentec SA (Ivoz-Ramet, Belgium) in collaboration with the
European Galar Fungail Consortium (www.pasteur.fr/recherche/unites/Galar
_Fungail/). Primers for each of the 6,039 putative ORFs in the C. albicans
genome were designed to amplify a specific region of each ORF. Both the
forward and reverse primers for each ORF contained a 15-bp universal sequence
at the 5’ end to generate 5’ amino-modified product for covalent attachment to
aldehyde-coated glass slides. Amplicons were an average length of 300 bp and
were spotted in duplicate, along with 27 control genes, using a ChipWriter Pro
(Virtek Vision Intl., Waterloo, Ontario, Canada) robotic array printer.

Probe preparation. Ten micrograms of total RNA sample was added to a
mixture of 1 pmol of T20VN and oligo(dT) (18- to 21-mer) primer mix; 0.5 mM
(each) dATP, dGTP, and TTP; 20.5 uM dCTP; 37.5 pM Cy3- or Cy5-dCTP
(NEN Life Sciences, Boston, Mass.); and 10 mM dithiothreitol in a buffer con-
taining 50 mM Tris-HCI (pH 8.3), 75 mM KCl, and 3 mM MgCl,. The reaction
mixture was denatured at 65°C for 5 min and incubated at 42°C for 5 min, after
which 1 pl of RNasin (Promega, Madison, Wis.) and 200 U of Superscript II
reverse transcriptase (LifeTechnologies/Invitrogen, Carlsbad, Calif.) were added
to the mixture. The reaction proceeded at 42°C for 1 h, after which an additional
200 U of Superscript II reverse transcriptase was added, and the reaction mixture
was incubated at 42°C for an additional hour. To stop the reaction, EDTA (pH
8.0) and sodium hydroxide were added to a final concentration of 5 mM and 0.4
N, respectively, and the mixture was incubated at 65°C for 20 min. Finally, acetic
acid was added to achieve a final concentration of 0.37 M.

To purify the labeled cDNA probes, the volume of the cDNA reaction was
adjusted to 100 wl with water and mixed with 0.5 ml of buffer PB (Qiagen,
Valencia, Calif.) and 13 pl of 3 M sodium acetate (pH 5.2). The sample was
applied to a Qia-quick column (Qiagen) and centrifuged at 17,982 X g for 60 s.
The flowthrough was discarded, and two washes of 750 ul of buffer PE (Qiagen)
each were applied to the column, with a 60-s centrifugation after each wash.
After an additional centrifugation step to dry the column, 50 pl of prewarmed
(42°C) water was applied to the column and incubated for 3 min at room
temperature. To elute the sample, the column was centrifuged as before, and
then an additional elution step was performed. Eluates were pooled, applied to
a Microcon-30 filter (Millipore, Bedford, Mass.), and centrifuged as before for 3
min, and the membrane unit was vortexed briefly and centrifuged for an addi-
tional 60 s. The final eluate volume was adjusted to 5 wl with water.

Microarray hybridization. Fluorescently labeled cDNA probes were gener-
ated from duplicate sets of RNA isolated from isolates 2-79, 2-80, 8-46, and
12-99. Five microliters each of the Cy3- and Cy5-labeled probes were mixed with
50 pg of heat-denatured salmon sperm DNA, incubated at 95°C for 2 min, and
snap-cooled on ice. The mixture was added to 40 pl of hybridization buffer and
applied to the array slides under glass coverslips. Hybridization was performed at
37°C overnight in a humidified chamber (Corning Life Sciences, Acton, Mass.).
To wash the slides, the coverslip was removed, and the slide was incubated at
room temperature in 0.2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) plus 0.1% sodium dodecyl sulfate for 5 min with agitation, rinsed at room
temperature with 0.2X SSC for 5 min with agitation, and spin-dried at 500 rpm
for 5 min. Slides were scanned using a ChipReader microarray scanner (Virtek
Vision Intl.).

Data analysis. GenePix 1.0 software (Axon Instruments, Inc.) was used for
image analysis and data visualization. The local background values were calcu-
lated from the area surrounding each spot and subtracted from the total spot
signal values. These adjusted values were used to determine differential gene
expression (Cy3/Cys5 ratio) for each spot. A normalization factor was applied to
account for systematic differences in the probe labels by using the differential
gene expression ratio to balance the Cy5 signals. In the present study, only spots
with a mean balanced differential expression ratio greater than or equal to 1.5 or
less than or equal to 0.67 (—1.5) for both spots representing a given cDNA on the
array in two independent experiments were considered to be differentially ex-
pressed. DNA sequences were annotated on the basis of results of BLASTn
searches using GenBank (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi), the
Stanford University (Palo Alto, Calif.) sequencing database (http:/www
-sequence.stanford.edu/group/candida), and the CandidaDB database (http:
/fwww.pasteur.fr/Galar_Fungail/CandidaDB/). Using the software of Eisen at al.
(11), genes were clustered into groups on the basis of their coordinate regulation
with either CDR genes or CaMDRI.

cDNA synthesis and reverse transcription-PCR (RT-PCR). To synthesize
c¢DNA, approximately 2 pg of total RNA was placed in a 0.5-ml reaction tube
with 1 ug of oligo(dT) primer stock (ResGen/Invitrogen Corp., Carlsbad, Calif.),
and the volume was adjusted to 15.5 pl using diethyl pyrocarbonate-treated
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TABLE 2. Sequences and melting temperatures (7},
of primers used in RT-PCR

Primer Sequence T,, (°C)
RTA3-F 5'-CGAAAGCAAACCAAGTCCAT-3' 54.9
RTA3-R 5'-TACCAATCATTGCTGCATCC-3' 543
IPF3121-F 5'-TTGCCACCACCTAATCATCA-3' 553
IPF3121-R 5'-CAACAGGTTCCGTTTGTGTG-3' 55.6
DDR48-F 5'-TTTCGGTTTCGGTAAAGACG-3’ 54.1
DDRA48-R 5'-TGAGTCGGTCTTGGAGGAAC-3’ 57.2
EBPI1-F 5'-GCTTATGTCCCAACCACCAG-3’ 56.7
EBPI-R 5'-CTGATGGCGCAATAAGAGGT-3' 56.1
CDRI-F 5'-GGCAATTAGTCAAGACTCTTCTTCAG-3' 57.2
CDR2-F 5'-CAGCTAGACGAAAAGCCATGG-3' 571
CDR-R* 5'-CACCTGGTCTCATAATGGCATC-3' 56.7
IFD1-F 5'-CGACAATGGCTTCCGTACTT-3' 56.2
IFD4-F 5'-GATTGGGATCCAGTTGGAGA-3’ 55.0
IFDS5-F 5'-GGGAAGATTTTGATCCTGTTGATAG-3’ 55.2
LPG20-R” 5'-CACCAGCAATTGGAATCACA-3' 54.7
IFD7-F 5'-AGATGGTTTGGGTGAAGTCG-3’ 56.1
IFD7-R 5'-CACCGGCAATTGGGACAACTCC-3’ 62.1
GRP2-F 5'-ACATACCGCATCTCCATTCC-3’ 55.6
GRP2-R 5'-TGGAACCAACATAACCAGCA-3’ 55.7
DPP1-F 5'-TCAACCATTTGCACGACAAT-3’ 54.6
DPP1-R 5'-TCAGGAGTTCCCTTTTGTGG-3' 55.7
CRD2-F 5'-GCTTGTTCTGCTGCTCAATG-3' 55.8
CRD2-R 5'-TTTCACCATCTCTAGTACCATCACA-3’ 57.1
INO1-F 5'-GATTTCAAGGCCAAAAACGA-3’ 53.0
INOI1-R 5'-TTTGATACCAGCATCGACCA-3’ 55.2
IPF1222-F 5'-CTCCAAAGGCAGTCCATCAT-3’ 55.9
IPF1222-R 5'-TTGTGTTAGCATTGCCGTGT-3’ 56.8
OPI3-F 5'-GGCACAAAATTTCCCACAAT-3’ 53.4
OPI3-R 5'-GCAAACAATGCAATGGCTAA-3’ 53.7
MDRI1-F 5S-TTTTTGGGTGGATTCTTTGC-3' 53.0
MDRI1-R 5'-CGGTGATGGCTCTCAATCTT-3' 55.8
18S rRNA-F  5'-GCC AGC GAG TAT AAG CCT TG-3' 56.7
18S rRNA-R  5'-AGG CCT CAC TAA GCC ATT CA-3’ 573

“The CDR-R primer is used with both the CDR1-F and CDR2-F primers.
® The LPG20-R primer is used with IFD1-F, IFD4-F, and IFD5-F primers.

water. The mixture was incubated 10 min at 70°C and chilled on ice 1 min, after
which the remainder of the reaction mixture was added from a master mix to the
reaction tube in order for each reaction to contain a 1.25 mM concentration
(each) dATP, dCTP, dGTP, and TTP; 40 U of RNase Inhibitor (Stratagene, La
Jolla, Calif.); and 25 U of Moloney murine leukemia virus reverse transcriptase
(Gibco/Invitrogen Corp.) in a buffer consisting of 0.05 M Tris-HCI (pH 8.3),
75 mM KCl, and 3 mM MgCl,. After brief mixing, the reaction was incubated for
10 min at room temperature, followed by incubation at 37°C for 1 h. Finally, the
reaction mixture was heated at 90°C for 5 min and either cooled on ice for 10 min
or immediately stored at 4°C until use.

PCR was performed by mixing 1 pl of the appropriate dilution of cDNA
(empirically determined for each gene to give product in the linear range), 0.5 ug
each of forward and reverse primer, 2.5 U of Tag polymerase (Sigma, St. Louis,
Mo.), and 0.1% Triton X-100 in EasyStart Micro50 PCR tubes and subjecting the
reaction mixture to the following reaction conditions: one repetition of 94°C for
5 min; 32 repetitions of 94°C for 1 min, gene-specific annealing temperature for
1 min, and 72°C for 2 min; and 1 repetition of 72°C for 5 min. Equivalent volumes
of PCR product were applied to a 3% agarose gel and separated by gel electro-
phoresis in 1X TAE (0.02 M Tris, 0.02 M acetate, 0.001 M EDTA). Primer
sequences used for amplification of specific genes by RT-PCR are shown in
Table 2.

RESULTS AND DISCUSSION

Experimental design and global findings. The development
of microarray technology and the sequencing of the C. albicans
genome makes possible a more complete identification of
genes associated with drug resistance in C. albicans (Stanford
C. albicans genome project, Stanford University [http:/www
-sequence.stanford.edu/group/candidal). In the present study,
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FIG. 1. (A) Cluster images showing genes differentially expressed in this series of isolates. Red represents genes that are up-regulated, and
green represents genes that are down-regulated. Genes shown in both cluster images appear in the same order. Genes are grouped as being
coordinately differentially expressed with CaMDRI (I), CDR genes (II), neither CaMDRI nor CDR genes (111), or both CaMDRI and CDR genes
(IV). (B) Confirmation of differential expression by RT-PCR of select genes found to be differentially expressed by cDNA microarray analysis.

RT-PCR of C. albicans 18S rRNA was performed as a control.

changes in the gene expression profile throughout a set of
isogenic clinical isolates of fluconazole-susceptible and -resis-
tant C. albicans were identified using a DNA array that is
inclusive of virtually the entire C. albicans genome. The four
isolates used in this study are from a set of 17 isogenic clinical
isolates that have been extensively characterized (29, 39, 40, 53,
54). These isolates were chosen because they each represent
previously identified molecular changes that correlate with in-
creases in azole MIC (Table 1). The complete data set for all
microarray experiments performed may be found at http://dcp
.utmem.edu/drogers/. It is important to note that, while the
genes identified in the present study are differentially ex-
pressed in association with the acquisition of azole resistance,
some of these changes in gene expression may be unique to the
specific isolate and not necessarily relevant to the azole resis-
tance phenotype. By our criteria, we identified a total of 32
genes to be up-regulated and 14 genes to be down-regulated
between isolates 2-79 and 12-99 (Fig. 1A). These included
genes previously shown to be up-regulated (CDRI, CDR2,
CaMDRI, ERG2, GPX1, RTA3, IFD5, IPF5987, and CRD2)

and down-regulated (FET34) in this series (29, 41, 53). Se-
lected genes were chosen for confirmation of differential ex-
pression by RT-PCR (Fig. 1B). Consistent with our previous
findings, we did not observe a change in expression for ERG11
between isolates 2-79 and 12-99 (average of 1.24-fold change in
expression). As isolate 12-99 maintained its azole resistance
phenotype, this finding suggests a limited role for the overex-
pression of ERGI11 in this process. Indeed, a recent study
found only a 1.2- to 2.3-fold change in expression of ERGII
between the initial and final isolates in this series (29).
Among the up-regulated genes were seven that have ho-
mologs in Saccharomyces cerevisiae that were among those
found previously to be up-regulated in the activated mutants of
the transcription factors Pdrlp or Pdr3p, the PDRI-3 mutant
and PDR3-7 mutant, respectively (7, 34). These were CDRI
and CDR2 (homologs of ScPDRS5), IFDI1, IFD4, IFDS5, and
IFD7 (homologs of ScYPL088w), and GRP2 (homolog of
ScGRE?2 and ScYLL056¢). A common feature of these S. cer-
evisiae genes is that they contain pleiotropic DREs in their
promoters which are controlled by either Pdrlp and/or Pdr3p.
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TABLE 3. Differentially expressed genes which exhibit coordinate
regulation with CDRI and CDR?2 in isolates 2-79 through
12-99 in stepwise acquisition of azole resistance

Fold change

Gene Description 280 vs 8-46vs 12-99vs 12-99 vs
2-79 2-79 2-79 8-46
CDRI*¢  Multidrug resistance 1 0.9 9.2 11
protein
CDR2"¢  Multidrug resistance 0.9 0.9 8.4 9.4
protein
ERG2“ C-8 sterol isomerase 1.1 1.6 3.7 23
GPXI1**  Glutathione peroxidase 14 1.2 32 2.7
IPF12319 Unknown function 1.1 1.1 2.7 2.5
RTA3*¢ Unknown function 1.1 1.1 2.6 2.6
CFL2 Ferric reductase 1.2 1.1 1.8 1.7
IPF10662 Unknown function 0.8 0.9 0.6 0.6
EBPI NADPH dehydrogenase 0.8 0.9 0.5 0.6
YHBI1 Flavohemoglobin 1 0.8 0.5 0.6

“ Gene previously reported to be differentially expressed in this set of isolates.

’ Gene previously reported to be differentially expressed in experimental azole
resistance in C. albicans.

¢ Gene with homolog in S. cerevisiae identified previously as having PDRE in
its promoter.

The promoter region of the ScCRTAI also contains a pleiotropic
DRE. This is of interest as the C. albicans ScRTA1 homolog,
RTA3, was up-regulated in association with azole resistance in
the present study. These similarities between gene expression
profiles in azole resistance in S. cerevisiae and C. albicans lend
insight into the transcriptional regulation of these genes.

Genes coordinately regulated with CDRI and CDR2. We
found seven genes to be coordinately up-regulated and three
genes to be coordinately down-regulated with the up-regula-
tion of CDRI and CDR2 (Table 3). Two of these (GPXI and
RTA3) were identified previously as being differentially ex-
pressed in this set of isolates (41). GPXI has also been shown
to be up-regulated in experimentally induced, azole-resistant
C. albicans (4).

GPX1, up-regulated 3.2-fold in isolate 12-99, encodes gluta-
thione peroxidase, a significant component of the glutathione
and glutathione-dependent enzyme system. This system pro-
tects cells from environmental toxins and has been implicated
in the resistance of tumor cells to anticancer agents, particu-
larly those whose effects are mediated by free radicals (2, 8).
Increased activity of this enzyme system is often observed in
conjunction with increased activity of the ABC transporter
Mdrlp in drug-resistant human cancer cells (3, 26).

RTA3, up-regulated 2.6-fold in isolate 12-99, is a gene of
unknown function. However, as noted earlier, it is homologous
to ScRTAI, which has been implicated in resistance to 7-ami-
nocholesterol (47). Up-regulation of RTA3 may also contribute
to the azole-resistant phenotype. Of note, the RTA3 homolog
RTA2 (YOR49) was reported to be up-regulated in experimen-
tally induced, azole-resistant isolates (4).

ERG?2, up-regulated 3.7-fold in isolate 12-99, encodes C-8
sterol isomerase, an enzyme in the late stages of the ergosterol
biosynthesis pathway responsible for the conversion of fecoste-
rol to episterol. A relationship between the late stages of er-
gosterol biosynthesis and the activity of the S. cerevisiae ho-
molog of Cdrlp, Pdr5p, has been reported. Disruptions in
ScERGO6, ScERG2, ScERG3, and ScERG4 each reduced the
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ability of PdrSp to confer drug resistance (18). Up-regulation
of ERG2 could therefore serve to provide membrane condi-
tions optimal for Cdrlp and Cdr2p activity in C. albicans.
Furthermore, up-regulation of ERG2 could potentially com-
pensate for a partial inhibition of lanosterol demethylase by an
azole antifungal agent. Theoretically, any lanosterol success-
fully converted to ignosterol could more efficiently be further
converted to ergosterol.

EBPI, down-regulated twofold (0.5) in isolate 12-99, is ho-
mologous to the ScOYE2 gene which encodes a flavoprotein
that acts as an NADPH oxidoreductase, although its physio-
logical role is unknown (35).

Genes coordinately regulated with CaMDRI. We found 14
genes up-regulated and 10 genes down-regulated in coordina-
tion with the up-regulation of CaMDRI (Table 4). Four of
these (IFD5, CRD2, and FET34) were identified previously as
being differentially expressed in this set of isolates (41).

Several genes involved in phospholipid biosynthesis and me-
tabolism were differentially expressed concomitantly with the

TABLE 4. Differentially expressed genes which exhibit coordinate
regulation with CaMDR]I in isolates 2-79 through 12-99
in stepwise acquisition of azole resistance

Fold change

Gene Description

2-80vs 8-46vs 12-99vs 12-99 vs
2-79 2-79 2-79 8-46

IFD4 Putative aryl-alcohol 11.8 10.3 20.5 2
dehydrogenase

IFDI* Putative aryl-alcohol 17.6 13 20 1.6
dehydrogenase

IFD5¢ Putative aryl-alcohol 12.6 9.3 13.6 1.6
dehydrogenase

IFD7*  Putative aryl-alcohol 5.4 5.6 8.7 1.6
dehydrogenase

MDRI“®  Benomyl resistance 3.8 5.8 5.4 0.9
protein

GRP2  Reductase 2.8 2.5 4.1 1.7

IPF5987° Unknown function 3.4 2.4 3 1.3

IPF11153 Unknown function 2 2 2.5 1.3

OPT1 Oligopeptide transporter 3 1.8 2.5 1.4

DPP1 Diacylglycerol pyrophos- 1.7 1.8 2.1 14
phate phosphatase

IPF8257  Unknown function 1.6 1.6 2.1 1.4

CRD2* Copper-binding metallo- 22 1.4 2 1.5
thionein

INOI myo-inositol-1-pyrophos- 1.9 15 2 1.4
phate synthase

IPF7602  Oxidoreductase 1.6 1.6 1.7 1.2

RPP2B Acidic ribosomal protein 0.6 0.6 0.6 1.3

RPL35 Ribosomal protein 0.7 0.6 0.6 1.1

RPS620a  Unknown function 0.7 0.6 0.6 1.1

IPF9211  Unknown function 0.6 0.6 0.6 1.1

OPI3 Methylene-fatty-acyl- 0.7 0.7 0.6 1
phospholipid synthase

UBI4 Polyubiquitin 0.6 0.6 0.6 1.1

FET34*  Multicopper oxidase 0.6 0.6 0.5 0.9

IPF11725 Unknown function 0.7 0.7 0.5 0.8

IPF7940  Unknown function 0.6 0.5 0.5 0.9

IPF1222¢  Similar to superoxide 0.5 0.4 0.3 0.6
dismutase

“ Gene previously reported to be differentially expressed in this set of isolates.

’ Gene previously reported to be differentially expressed in experimental azole
resistance in C. albicans.

¢ Gene with homolog in S. cerevisiae identified previously as having PDRE in
its promoter.

4 Gene which is further differentially expressed coordinately with the up-
regulation of CDR genes.
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overexpression of CaMDRI. DPPI1, up-regulated from 1.7- to
almost 2.1-fold in isolates 2-80 through 12-99, encodes a
diacylglycerol pyrophosphate phosphatase whose homolog
is involved in phospholipids metabolism in S. cerevisiae. This
enzyme catalyzes the dephosphorylation of phosphatidate,
leading to the availability of diacylglycerol for the synthesis
of phosphatidylethanolamine and phosphatidylcholine (50).
INO1, up-regulated from 1.5- to 2-fold in isolates 2-80 through
12-99, encodes inositol-1-phosphate synthase, a key enzyme in
the synthesis of inositol for phosphotidylinositol synthesis (48).
OPI3, down-regulated 1.7-fold (0.6) in isolates 2-80 through
12-99, encodes phosphatidylethanolamine N-methyltransfer-
ase, an enzyme involved in the biosynthesis of phosphatidyl-
choline (9). Up-regulation of DPP] and INO!I and down-
regulation of OPI3 is suggestive of altered phospholipid
metabolism associated with azole resistance. Indeed, alter-
ations in phospholipid content has been associated with this
phenotype (15, 16, 24, 27), however, none of these studies
employed matched sets of clinical isolates. Closer examination
of the phospholipid content of this and other matched sets of
clinical isolates representing the acquisition of azole resistance
is warranted.

FET34, down-regulated 1.7- (0.6) to 3-fold (0.5) in isolates
2-80 through 12-99, is required for FTRI-mediated iron uptake
in S. cerevisiae (41). Previous studies have indicated a relation-
ship between iron accessibility and azole resistance in C. albi-
cans. In addition to studies that have demonstrated a synergis-
tic effect of lactoferrin (or related compounds) and fluconazole
on fungal cell killing (25, 30), Wakabayashi and colleagues
showed that clinically isolated azole-resistant strains of C. al-
bicans were more susceptible to lactoferrin treatment than
azole-susceptible strains (52). Whether down-regulation of
FET34 in fluconazole-resistant isolates is responsible for en-
hanced lactoferrin susceptibility remains uncertain. Further
studies should be performed to determine what role down-
regulation of these iron transport genes has in fluconazole
resistance.

Interestingly, several of these genes appeared to be coordi-
nately regulated with both the CDR genes and CaMDRI.
IFD1, IFD4, IFD5, and IFD7, up-regulated from 5.4- to 20.5-
fold in isolates 2-80 through 12-99, are members of a family of
homologs of S. cerevisiae YPLOSSW, a putative alcohol dehy-
drogenase/oxidoreductase. YPLOSSW was recently shown to
contain a DRE in its promoter which leads to induction of
mRNA expression upon estradiol treatment of C. albicans (7).
This DRE was shared by only three other genes, including
CDRI and CDR?2. While these genes were coordinately differ-
entially expressed with CaMDRI, it is possible that a trans
regulatory factor for CDRI and CDR?2 contributes to their
enhanced overexpression.

Likewise, GRP2, up-regulated from 2.8- to 4.1-fold in iso-
lates 2-80 through 12-99, is a homolog of ScGRE2, which
encodes a putative reductase with similarity to plant dihy-
droflavonol-4-reductases (14). While ScGRE?2 is responsive to
osmotic, ionic, oxidative, and heat stresses, its function is un-
known. CRD2, up-regulated up to twofold in isolates 2-80
through 12-99, encodes a copper-binding metallothionein
which also plays a role in reducing oxidative stress (51). Cop-
per is essential for enzymes involved in a multitude of biolog-
ical processes such as respiration, free radical destruction, and
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TABLE 5. Differentially expressed genes not coordinately regulated
with known resistance genes in stepwise acquisition
of azole resistance

Fold change
Gene Description 2-80vs 8-46vs 12-99vs 12-99 vs

2-79 2-79 2-79 8-46
IPF3930 Unknown function 1.4 2 1.8 1
IPF3121  Unknown function 1.4 1.5 1.8 1.3
DDR48  Stress response protein 1.2 1.4 1.8 1.4
ERGI13  3-Hydroxy-3-methylglutaryl 1 1.4 1.7 1.3

coenzyme A synthase

ZPRI1 Zinc finger protein 1.4 1.5 1.7 1.3
IPF5197 Unknown function 13 1.4 1.7 1.2
RBT4 Repressed by TUP1 protein 1.3 1.2 1.7 1.4
ERGS C-22 sterol desaturase 1.1 1.3 1.6 1.4
ERG25  C-4 sterol methyl oxidase 1 1.3 1.6 1.4
IPF8472  Unknown function 1.4 1.3 1.6 1.3
IPF20056 Unknown function 0.8 0.5 0.5 0.9

iron homeostasis. Like glutathione peroxidase, up-regulation
of these genes in the resistant cell may compensate for azole-
induced susceptibility to oxidative stress.

Miconazole and fluconazole have been shown to induce the
production of endogenous reactive oxygen species (ROS) in
Candida species in a dose-dependent fashion (23). Both azole-
induced ROS and Candida cell death was attenuated by the
antioxidant pyrrolidinedithiocarbamate. Furthermore, in mul-
tiple clinical isolates, azole-induced ROS production inversely
correlated with the MIC. These data suggest a role for ROS
production in the mechanism of action of the azole antifungal
agents. Indeed, isolates of C. glabrata lacking the ERG11 gene
have been shown to be more susceptible to oxidative effects of
neutrophils and H,O, than isolates with ERGI1 intact (17). It
is therefore possible that pharmacological inhibition of the
ERG11 gene product, lanosterol demethylase, with an azole
antifungal agent may produce a similar effect. This suggests
that imparting to the fungal cell such enhanced susceptibility to
oxidative damage may be part of the mechanism of action of
the azole antifungals. The common theme of up-regulation of
genes involved in the oxidative stress response in the present
study support this hypothesis.

IPF1222, down-regulated from 2- (0.5) to 3.3-fold (0.3) in
isolates 2-80 through 12-99, is a homolog of the SODI gene in
S. cerevisiae. Three superoxide dismutase (SOD) genes have
been identified in C. albicans; those encoding the copper- and
zinc-containing (Cu/Zn) SOD, SOD1, and the manganese-con-
taining (Mn) SODs, SOD2 and SOD3. IPF1222 likely encodes
an additional uncharacterized Cu/Zn SOD. While S. cerevisiae
Sodlp has been shown to have a role in protecting the mito-
chondrion against oxidative damage (51), deficiency in Sodlp
appears to be beneficial for the acquisition of heat and ethanol
tolerance (38).

Genes not coordinately regulated with known resistance
genes. The up-regulation of 10 genes and down-regulation of 1
gene was not correlated with the expression of either CDRI
and CDR2 nor with CaMDRI (Table 5). IPF3121, up-regulated
1.8-fold in isolate 12-99, is homologous to the RMEI gene in
S. cerevisiae which encodes a zinc finger protein involved in the
negative regulation of meiosis (46). DDR4S, up-regulated 1.8-
fold in isolate 12-99, is homologous to a gene in S. cerevisiae
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that encodes a DNA damage-inducible protein. In S. cerevisiae,
its expression has been shown to be responsive to cellular
stresses such as cadmium exposure and osmotic stress (31, 32).
Other genes in this category include the ergosterol biosynthesis
genes ERGS5, ERG13, and ERG?25, up-regulated 1.6-, 1.6-, and
1.7-fold, respectively. Both ERGS5 and ERG25 have been
shown to be responsive to azole treatment in vitro in both .
cerevisiae and C. albicans (1, 5).

Azole resistance mechanisms acquired by isolate 8-46 in this
series include the acquisition of a point mutation and loss of
allelic variation in the ERG11 gene. While there is no evidence
that the two are directly linked, it is possible that changes in
gene expression not correlating with the expression of CDR
genes or CaMDRI are in some way reflective of alterations in
the ERG11 gene.

Conclusions. This study is the first to use global microarray
analysis to characterize changes in gene expression throughout
the stepwise acquisition of azole antifungal resistance in clin-
ical isolates of C. albicans. To this end we have identified the
differential expression of genes previously shown to be differ-
entially expressed in both experimentally induced and clinically
acquired azole resistance, as well as genes whose differential
expression was found for the first time to be associated with
this process. Furthermore, by examining the expression pro-
files of serial isolates in a series that represents almost all
known mechanisms of azole resistance, it was possible to group
these genes by their coordinate regulation with that of other
known resistance genes. Further study of multiple matched
sets of azole-susceptible and -resistant C. albicans isolates will
substantiate these associations and help pinpoint the most-
common and critical mechanisms of azole resistance. Investi-
gation into the specific contribution of these genes to the
azole-resistant phenotype is warranted. Such studies will lend
insight into the regulatory mechanisms that govern the coor-
dinate expression of these genes and provide new targets for
the development of pharmacological strategies to circumvent
azole antifungal resistance and improve the therapeutic index
of this class of antifungal agents.
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