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Only one new class of antifungal drugs has been introduced into clinical practice in the last 30 years, and thus the identification
of small molecules with novel mechanisms of action is an important goal of current anti-infective research. Here, we describe the
characterization of the spectrum of in vitro activity and in vivo activity of AR-12, a celecoxib derivative which has been tested in
a phase I clinical trial as an anticancer agent. AR-12 inhibits fungal acetyl coenzyme A (acetyl-CoA) synthetase in vitro and is
fungicidal at concentrations similar to those achieved in human plasma. AR-12 has a broad spectrum of activity, including
activity against yeasts (e.g., Candida albicans, non-albicans Candida spp., Cryptococcus neoformans), molds (e.g., Fusarium,
Mucor), and dimorphic fungi (Blastomyces, Histoplasma, and Coccidioides) with MICs of 2 to 4 �g/ml. AR-12 is also active
against azole- and echinocandin-resistant Candida isolates, and subinhibitory AR-12 concentrations increase the susceptibility
of fluconazole- and echinocandin-resistant Candida isolates. Finally, AR-12 also increases the activity of fluconazole in a murine
model of cryptococcosis. Taken together, these data indicate that AR-12 represents a promising class of small molecules with
broad-spectrum antifungal activity.

The treatment of life-threatening invasive fungal infections
(IFIs) remains a significant challenge to modern medicine (1,

2). Two primary factors contribute to the difficult nature of IFI
therapy. First, most IFIs affect people with compromised immune
function, and therefore, IFI patients are more reliant on the
efficacy of the antifungal drug than immunocompetent pa-
tients. Second, the development of effective antifungal drugs is
difficult, because many fundamental biological processes are
highly conserved between fungi and humans (3). Consequently,
identifying molecules that kill the pathogen and spare the host is
very challenging. Currently, only three primary classes of anti-
fungal drugs are in clinical use: (i) azole ergosterol biosynthesis
inhibitors (e.g., fluconazole [FLU]), (ii) polyene ergosterol
binding agents (e.g., amphotericin B), and (iii) echinocandin
1,3-�-D-glucan synthase inhibitors (e.g., caspofungin). The
number of antifungal drugs pales in comparison to the number
of distinct classes of antimicrobial agents, and, in fact, there are
currently more classes of antiretroviral agents available for the
treatment of HIV/AIDS than classes of antifungal drugs (2).

The pace of antifungal drug development has been extremely
slow. For example, the most recent addition to the antifungal
pharmacopeia, the echinocandins, was discovered in the early
1970s and introduced into clinical practice in the early 2000s (3).
Furthermore, no new drugs for the treatment of cryptococcal
meningitis, one of the most important causes of infectious dis-
ease-related deaths in HIV/AIDS patients (4), have been intro-
duced into clinical practice in more than 20 years. In fact, the
current gold standard therapy is based on drugs (amphotericin B
and 5-flucytosine) that are 50 years old (5). In principle, the low
numbers of drugs and the slow pace of development would not be
an issue if the current therapies were highly effective. Unfortu-

nately, mortality rates associated with IFIs range from 20% to
100%, depending on the organism and the immune status of the
host (1). Clearly, the pace of new antifungal drug development
needs to increase to meet the current need.

As part of a program to identify and repurpose protein kinase
inhibitors as potential antifungal drugs, we found that the anti-
cancer clinical candidate OSU-03012/AR-12 is active against Can-
dida albicans and Cryptococcus neoformans in vitro with a MIC of 4
�g/ml (6). In addition, we have shown that AR-12 is synergistic
with FLU against C. neoformans (7) and is active against C. albi-
cans biofilms (6). AR-12 is reported to be an inhibitor of the con-
served protein kinase PDK1 in humans and other mammals (8).
Reports from multiple groups, including our own, indicate that
PDK1 may not be the target for AR-12 (9, 10). Indeed, we have
recently found that AR-12 inhibits acetyl coenzyme A (acetyl-
CoA) synthetase (Acs) in yeast species and that this mode of action
is an important mechanism for its antifungal activity (10). Acs
generates acetyl-CoA from acetate and coenzyme A in an ATP-
dependent reaction (11). In most yeast species, acetate represents
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an important carbon source for acetyl-CoA generation (12), and
thus Acs activity has been found to be essential in C. albicans (13)
and required for virulence in C. neoformans (14). In contrast, the
enzyme that generates the vast majority of acetyl-CoA in humans
is ATP-citrate lyase (15). Recently, a number of studies have
shown that cancer cells have increased dependence on acetate and
that Acs activity correlates with outcomes in some cancer types
(16–18). Based on these findings, Acs has been proposed as a pos-
sible anticancer target (16, 19). We propose that these same con-
siderations indicate that Acs may also represent a potential anti-
fungal target.

AR-12 is derived from the cyclooxygenase 2 (Cox2) inhibitor cele-
coxib and has been evaluated in phase I clinical trials as an anticancer
agent (8; Clinical Trials registration no. NCT00978523). As such, it
has a number of favorable pharmacological properties. In addition,
serum levels of AR-12 that are comparable to the vitro MICs for fungi
were achieved in humans and mouse models (20). Encouraged by
these observations, we characterized the in vitro and in vivo antifungal
activity of AR-12.

MATERIALS AND METHODS
Strains and media. The clinical strains used for characterizing the activity
of AR-12 against pathogenic fungi were from the collection at the Fungus
Testing Laboratory, University of Texas Health Center at San Antonio. C.
albicans strain SC5314 was obtained from Gus Haidaris (University of
Rochester), and Cryptococcus neoformans strain H99 was a gift of Joseph
Heitman (Duke University). C. albicans clinical isolates TWO7229,
TWO7230, TWO7241, and TWO7243 were obtained from Ted White
(UMKC). C. albicans clinical isolates (10B1A3A and 11A8A2A) and
SC5314 derivatives containing gain-of-function alleles (mrr1P683S and
tac1G980E) were obtained from P. David Rogers (University of Tennessee).
C. albicans strains NC1010 and NCO-788, as well as C. glabrata strains
NC1, NC102, and NC999, were obtained from Neil Clancy and Ryan
Shields (University of Pittsburgh). SN250 and the mrr1�/� and tac1�/�
derivatives were obtained from the Fungal Genetics Stock Center. Yeast
medium was prepared using standard recipes. All yeast incubations were
done at 30°C unless otherwise indicated.

In vitro antifungal susceptibility assays. MIC values were deter-
mined using standard CLSI methods except for those noted for Histo-
plasma capsulatum, which were also performed using a recently published
protocol (21). Antifungal susceptibility testing was performed in the Fun-
gus Testing Laboratory by use of the CLSI M27-A3 and M38-A2 methods
for yeast and molds, respectively. The interaction of AR-12 with
fluconazole was characterized by checkerboard assays using CLSI
M27-A3 methods. The fractional inhibitory concentration index was
calculated as described previously (22). Pneumocystis susceptibility
testing was performed as previously described (13).

Quantitative RT-PCR analysis of efflux pump expression. The strains
were grown overnight in yeast extract-peptone-dextrose (YPD) at 30°C
and back-diluted to an optical density at 600 nm (OD600) of 0.1 in YPD.
The cultures were treated with subinhibitory concentrations of AR-12 (4
�g/ml) in dimethyl sulfoxide (DMSO) (1%) or DMSO alone and incu-
bated for 3 h at 30°C. The cells were harvested by centrifugation, and RNA
was isolated using an Ambion Ribopure yeast kit. The RNA was processed
for SYBR green reverse transcription (RT)-PCR using the iScript kit.
Primers for the targets and conditions for RT-PCR were exactly as previ-
ously reported (23). Expression was internally normalized to ACT1 and
compared to other strains or conditions using the ��CT method.

Microscopy. For assessment of the effect of AR-12 on mitochondrial
activity, Saccharomyces cerevisiae BY4741 cells were grown to log phase,
treated with AR-12 at concentrations indicated in the text for 4 h, and
harvested. The mitochondria were visualized with MitoTracker red
(Molecular Probes) by following previously described protocols (24).
Lipid droplet characterization was performed using Nile red staining as

described previously (25). Chitin staining was performed with calcofluor
white (CFW) as described in reference 26. Images were collected with a
Nikon ES80 epifluorescence microscope equipped with a CoolSnap
charge-coupled device (CCD) camera using NIS-Elements software with
constant exposure settings and were processed in the same way in Photo-
Shop. The percentage of cells showing clearly staining mitochondria was
determined by counting at least 100 cells per replicate for two indepen-
dent experiments. Propidium iodide staining was performed as previ-
ously described (27).

Glucose-induced acidification of culture medium by S. cerevisiae.
By following methods described by Soteropoulos et al. (28), logarithmic-
stage S. cerevisiae BY4741 cells were harvested, suspended in 0.1 M KCl,
and incubated at 30°C for 1 h to starve the cells of glucose. The suspen-
sions were then stored overnight at 4°C at an OD600 of 2.3. The reaction
mixtures contained 20 �l of cell suspension in 155 �l of buffer (0.1 M KCl,
50 �g/ml bromophenol blue, pH 5) with either 1% DMSO alone or the
indicated amount of AR-12 in 1% DMSO. Medium acidification was ini-
tiated by the addition of 20 �l of 20% (wt/vol) glucose. The progress of the
reaction was followed by measurement of A590 on a plate reader at 30-min
intervals over a 4-h time course. The reduction in A590 for the untreated
cells over this time course was essentially identical to that reported by
Soteropoulos et al. (28).

Isolation and analysis of AR-12-resistant mutants. S. cerevisiae strain
BY4741 was passaged in culture flasks containing YP plus 2% acetate
starting at 1 �g/ml (0.125� MIC; MIC, 4 �g/ml) and increasing 2-fold to
64 �g/ml. The flasks were incubated until saturated. Samples were har-
vested and used to inoculate a flask at a 2-fold-higher concentration in
AR-12. At concentrations above the MIC (16, 32, and 64 �g/ml), a dilu-
tion of the culture was plated on YPD and single colonies were isolated.
The colonies were passaged twice on nonselective YPD plates. Colonies
from the passaged plates were incubated in microtiter plates containing
the AR-12 concentration from which they were isolated and compared to
the parental strain. Resistant isolates were then compared to the parental
strain by growth curve analysis in the presence and absence of AR-12.
Three isolates showed reproducible, stable resistance to AR-12 and were
analyzed by whole-genome resequencing. Sequenced reads were cleaned
according to a rigorous preprocessing workflow (Trimmomatic-0.32) be-
fore they were mapped to the S. cerevisiae genome (SGD) (EF4) with
SHRiMP2.2.3 (http://compbio.cs.toronto.edu/shrimp/). SAMtools-1.0
and BCFtools-1.0 were used to perform the single-nucleotide polymor-
phism (SNP) and indel calling. A filter for low coverage (10�) and low
quality (Clinical Trials registration no. NCT00978523) was then applied
and marked in the filter column as either “Pass” or “LowQual.” Nonsyn-
onymous mutations in confirmed open reading frames (ORFs) were iden-
tified using the UCSC Genome Bioinformatics website (http://genome
.ucsc.edu) and the SGD (http://www.yeastgenome.org/). The relative
susceptibilities of the mutants and reference strains to AR-12 and flucona-
zole were determined by incubating the strains in the presence of AR-12
overnight and then plating a 10-fold dilution series on nonselective YPD
media to compare the number of viable cells in each culture.

Mouse model of disseminated cryptococcosis. Male AJ/Cr mice (20
to 25 g) were purchased from the Frederick National Laboratory for Can-
cer Research (NCI, Frederick, MD). Animals were housed in the Univer-
sity of Rochester Medical Center vivarium and allowed food ad libitum.
On day 0, mice were inoculated via lateral tail vein injection with 4.5 � 104

CFU/animal of C. neoformans H99 in phosphate-buffered saline (PBS)
(100 �l). Beginning 24 h after inoculation and continuing daily for days 2
to 6, mice were sham treated (n � 8), treated with FLU by intraperitoneal
injection (10 mg/kg in PBS; n � 8), treated with AR-12 by oral gavage (100
mg/kg suspended in PBS with 0.5% methylcellulose– 0.1% Tween 80; n �
8), and treated with both FLU and AR-12 (n � 8). On day 7, all mice were
euthanized, after which the brains were removed and homogenized in
YPD (2 ml). Serial dilutions of the homogenates were inoculated on YPD
agar plates containing vancomycin (10 �g/ml) and gentamicin (100 �g/
ml). The number of CFU per gram of brain tissue was calculated and
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transformed into log10 units, and the differences between groups were
analyzed by analysis of variance (ANOVA); statistical significance was set
at a P value of �0.05 (SigmaPlot software). The experiment was per-
formed twice with similar results for each replicate.

RESULTS
AR-12 has broad-spectrum antifungal activity against patho-
genic yeasts, molds, dimorphic fungi, and Pneumocystis. We ini-
tially identified AR-12 (Fig. 1) as an antifungal molecule by
screening a series of molecules with activity against human PDK1
(6); as discussed above, subsequent studies have led to the conclu-
sion that the biological activity of AR-12 is unlikely to be due to
PDK1 inhibition. AR-12 is fungicidal against both C. albicans and
C. neoformans (MIC or minimal fungicidal concentration [MFC],
4 �g/ml for both organisms), synergistic with FLU against C. neo-
formans, and has activity against C. albicans biofilms within 2-fold
of its MIC toward planktonic cells (6, 7). The initial studies of
AR-12 antifungal activity were limited to the standard laboratory
strains of C. albicans (SC5314) and C. neoformans (H99, K99,
JEC21). To further confirm and validate this activity, we tested a
set of clinical isolates of C. albicans, non-albicans Candida spp.,
and C. neoformans (Table 1). Consistent with previous results,
AR-12 is active against multiple clinical isolates of C. albicans
(MIC, 4 �g/ml), including those with decreased susceptibility to
FLU. AR-12 is similarly active against non-albicans Candida spp.

(Table 1), including the relatively FLU-resistant species C.
glabrata and C. krusei as well as C. parapsilosis, C. dubliniensis, and
C. tropicalis. Finally, clinical isolates of Cryptococcus neoformans
var. grubii were as susceptible as the standard laboratory strains.
Consequently, AR-12 has consistent activity against clinical iso-
lates of pathogenic yeast species. The MIC for these strains (4
�g/ml) is similar to AR-12 serum concentrations (8 �M or 3.7
�g/ml) observed in phase I clinical trials (S. Proniak, personal
communication).

One of the most pressing unmet clinical needs in medical my-
cology is the development of agents with activity against difficult-
to-treat molds that cause aspergillosis, hyalohyphomycoses, phae-
ohyphomycoses, and mucormycosis. Therefore, we tested the
activity of AR-12 against a panel of medically relevant molds (Ta-
ble 1). AR-12 is active against Aspergillus fumigatus, and this ac-
tivity is further characterized elsewhere. Mucormycosis has
emerged as an increasingly prevalent infection, particularly within
severely immunocompromised patients (29). AR-12 has activity
against the most common cause of mucormycosis, Rhizopus
oryzae, as well as two out of four isolates of the less commonly
isolated species Apophysomyces. Except for the two isolates noted,
the AR-12 MIC against all isolates was 4 �g/ml, which is lower
than that observed for posaconazole.

AR-12 is also active against molds that cause phaeohyphomy-
cosis (Table 1), including Fusarium solani and Fusarium oxyspo-
rum, Scedosporium apiospermum, Paecilomyces, and Lomentospora
prolificans. Notably, AR-12 is more active against species that
cause fusariosis than voriconazole, the recommended therapy for
this difficult-to-treat mold infection. It is also more active than
voriconazole against L. prolificans but less active against S. apio-
spermum and Paecilomyces. We also tested the activity of AR-12
against three medically important dimorphic fungi. Consistent
with its activity against the other organisms, AR-12 showed activ-
ity in the 2- to 4-�g/ml range against H. capsulatum, Blastomyces
dermatitidis, and Coccidioides spp. The activity against H. capsula-
tum varied somewhat with the methodology; the MIC obtained

FIG 1 Chemical structure of AR-12.

TABLE 1 MICs of AR-12 against fungal pathogens

Species No. of isolates AR-12 MIC (�g/ml)

MIC range (�g/ml)a

FLU VOR POS

Candida albicans 10 2–4 0.5 to �254 ND ND
C. glabrata 14 4 2–64 ND ND
C. parapsilosis 8 2–4 2–4 ND ND
C. tropicalis 1 4 ND ND ND
C. krusei 1 4 ND ND ND
C. guilliermondii 7 2–4 1–8 ND ND
Cryptococcus neoformans 4 4 2–64 ND ND
Fusarium oxysporum 2 4 ND 16 ND
F. solani 1 4 ND ND 8
Scedosporium apiospermum 2 2 ND 0.5–16 ND
Paecilomyces variotii 1 4 ND 0.25 0.125
Lomentospora prolificans 1 2 ND ND 16
Rhizopus oryzae 6 4 ND ND 0.125–1
Apophysomyces 2 4 ND ND 0.125–1
Blastomyces dermatiditis 3 0.5–2b ND 0.03–0.125 ND
Coccidioides immitis 3 4–8 ND 0.03–0.125 ND
Histoplasma capsulatum 4 0.25–1b ND 0.03–0.125 ND
a VOR, voriconazole; POS, posaconazole; ND, not determined.
b The AR-12 MIC for these species is consistently 4 �g/ml based on a newly developed assay for H. capsulatum and B. dermatiditis (21).
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with a recently developed method optimized for the yeast phase
rather than hyphae was higher, with consistent values of 4 �g/ml
(21).

Finally, we determined the activity of AR-12 against Pneumo-
cystis, an opportunistic fungal pathogen not susceptible to stan-
dard antifungal agents. Mammals are infected by host-specific
species of Pneumocystis which are not culturable in vitro under
normal laboratory conditions. Therefore, AR-12 was tested
against rat (Pneumocystis carinii)- and mouse (Pneumocystis
murina)-specific species using an ATP-based viability assay (13).
AR-12 showed moderate activity against both species, with 72-h
50% inhibitory concentrations (IC50s) of 4.8 �g/ml for P. carinii
and 1.8 �g/ml for P. murina. IC50s for pentamidine, an agent used
for treatment and prophylaxis, are typically less than 1 �g/ml (30).
AR-12 has a remarkably broad spectrum of antifungal activity at
concentrations that are similar to those obtained in humans dur-
ing a phase I anticancer clinical trial. These data strongly suggest
that AR-12 and molecules of this class may be promising candi-
dates for additional development and optimization.

AR-12 modulates the susceptibility of Candida strains with
decreased fluconazole susceptibility. The survey of C. albicans
clinical isolates indicated that AR-12 is active against fluconazole
(FLU)-resistant isolates or isolates with reduced FLU susceptibil-
ity. In order to explore this observation in more detail, we tested
the activity of AR-12 against FLU-resistant isolates that had been
characterized with respect to the mechanism of reduced suscepti-
bility to FLU (31). We first examined the activity of AR-12 toward
a set of strains isolated from a single AIDS patient over the course
of FLU therapy (Table 2, entries 2 to 5). Over this time, the FLU
MIC of the isolates increased. White characterized these strains
and found that TWO7230 had increased MDR expression,
TWO7241 added increased ERG11 expression, while the final iso-

late (TWO7243) also showed increased CDR expression (31). The
MIC for AR-12 against all four isolates tested (4 �g/ml), including
the strain with a FLU MIC of 128 �g/ml, was identical to those for
FLU-susceptible strains (Table 2, entries 2 to 5). This indicates
that AR-12 is active against C. albicans strains that are resistant to
FLU by common molecular mechanisms. To further confirm this
observation, we tested AR-12 against C. albicans clinical isolates
with gain-of-function mutations in two transcription factors that
regulate efflux pump expression in C. albicans MRR1 and TAC1
mutants (23). As shown in Table 2 (entries 6 and 7), the AR-12
MIC was unchanged from that of the reference strain (4 �g/ml).
Similar results were obtained for derivatives of SC5314 in which
the gain-of-function alleles had been introduced genetically (Ta-
ble 2, entries 8 and 9). The deletion of neither TAC1 nor MRR1
affected the susceptibility of strains to AR-12 (Table 2, entries 10
and 11). A strain with a gain-of-function mutation in UPC2 (32),
a regulator of sterol and fatty acid biosynthesis, is slightly more
susceptible to AR-12 (Table 2, entry 18), while the UPC2 homozy-
gous deletion mutant has the same susceptibility as the parental
strain (Table 2, entries 17 and 19). These data indicate that AR-12
susceptibility is not affected by alteration in the expression of the
efflux pumps that mediate FLU resistance or increased expression
of ergosterol biosynthesis genes.

The emergence of azole-resistant Candida strains is an increas-
ingly troubling clinical problem (33). One potential approach to
addressing this problem is to identify adjuvants that modulate
FLU susceptibility (34). Therefore, we examined the activity of
AR-12 combined with FLU against C. albicans and C. glabrata
strains with altered FLU susceptibility. In standard checkerboard
assays with SC5314 and the initial isolate of the resistant series,
AR-12 and FLU are additive, with a fractional inhibitory concen-
tration index (FICI) of 1 (Table 2, entries 1 and 2). As shown in

TABLE 2 Fractional inhibitory concentrations for AR-12 and FLU against C. albicans and C. glabrata strains

Entry Species Strain or mutanta MORb

MIC (�g/ml)c

FICIdAR-12 CAS FLU AR-12 comb CAS comb FLU comb

1 C. albicans SC5314 1 4 NA 0.25 2 NA 0.125 1
2 C. albicans TWO7229 1 4 NA 0.25 2 NA 0.125 1
3 C. albicans TWO7230 2 4 NA 2 2 NA 0.5 0.75
4 C. albicans TWO7241 2,3 4 NA 16 2 NA 0.5 0.53
5 C. albicans TWO7243 2,3 4 NA 128 2 NA 16 0.63
6 C. albicans 10B1A3A 2 2 NA 32 1 NA 2 0.56
7 C. albicans 11A8A2A 2 2 NA 4 1 NA 1 0.75
8 C. albicans SCmrr1P683S mutant 2 2 NA 4 1 NA 2 1
9 C. albicans SCtac1G980E mutant 2 4 NA 2 2 NA 1 1
10 C. albicans SNmrr1�/� mutant NA 4 NA 2 0.25 NA 0.5 0.31
11 C. albicans SNtac1�/� mutant NA 2 NA 2 0.25 NA 0.5 0.38
12 C. albicans NC1010 4 4 16 NA 2 4 NA 0.75
13 C. albicans NCO-788 4 6 64 NA 2 4 NA 0.56
14 C. glabrata NC1 4 4 4 NA 1 1 NA 0.50
15 C. glabrata NC102 4 8 64 NA 4 0.03 NA 0.50
16 C. glabrata NC999 4 8 32 NA 2 2 NA 0.31
17 C. albicans SN250 1 4 NA 1 2 NA 0.5 1
18 C. albicans SCupc2GOF mutant 5 2 NA 16 2 NA 16 2
19 C. albicans SNupc2�/� mutant NA 4 NA 0.125 2 NA 0.06 0.98
a Clinical isolates are in bold; mutants derived from SC5314 have SC prefixes; derivatives of SN250 have SN prefixes.
b MOR, mechanism of resistance: 1, none; 2, elevated efflux pump expression; 3, elevated ERG11 expression; 4, FKS hot spot mutation; 5, UPC2 gain-of-function mutation. NA, not
applicable.
c CAS, caspofungin; FLU, fluconazole; comb, combination.
d FICI, fractional inhibitory concentration index.
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Table 2 (entries 3, 4, and 5), a subinhibitory concentration of
AR-12 (2 �g/ml) reduced the FLU concentration required to in-
hibit growth of FLU-resistant strains between 4- and 32-fold. Nei-
ther TWO7241 nor TWO7243 (Table 2, entries 4 and 5) is suscep-
tible to FLU alone (CLSI cutoff for C. albicans, 8 �g/ml; MIC for
the strain, 16 �g/ml), but in the presence of a subinhibitory con-
centration of AR-12, the inhibitory concentration of FLU is within
the susceptible range for TWO7241 (FIC of FLU, 0.5 �g/ml) and
within one dilution of the cutoff for susceptibility for TWO7243.

AR-12 also modulated the FLU susceptibility of two additional
FLU-resistant C. albicans clinical isolates that have been deter-
mined to contain gain-of-function mutations in MRR1 and TAC1
transcription factors regulating drug efflux pump expression (Ta-
ble 2, entries 6 and 7). Similar additive FLU–AR-12 interactions
were also observed with SC5314 derivatives that were generated by
integrating gain-of-function alleles of MRR1 and TAC1 plasmids
(Table 2, entries 8 and 9). Interestingly, deletion of either MRR1 or
TAC1 increased the strength of the interaction between FLU and
AR-12. Specifically, the combination of AR-12 and FLU was syn-
ergistic against both deletion mutants (Table 2, entries 10 and 11)
compared to the reference strain for the SN background (Table 2,
entry 10), and neither deletion mutant had significantly altered
AR-12 susceptibility. Gain-of-function mutations in UPC2, a
transcription factor involved in the regulation of ergosterol gene
expression (32), have also been shown to mediate FLU resistance.
In contrast to strains with FLU resistance mediated by altered
efflux pump expression, AR-12 had no effect on the FLU suscep-
tibility of a C. albicans strain harboring a gain-of-function muta-
tion in UPC2 (Table 2, entry 18) nor did it affect AR-12 suscepti-
bility. A homozygous deletion mutant of UPC2 showed no change
in FICI relative to the reference strain, although it was more sus-
ceptible to FLU as expected (Table 2, entry 19). These observa-
tions indicate that AR-12 modulates efflux-mediated FLU resis-
tance but has no effect on Upc2-associated FLU resistance.

AR-12 modulates the susceptibility of Candida strains with
decreased echinocandin susceptibility. In addition to the emer-
gence of azole resistance in Candida spp., the rates of resistance to
the echinocandins are also increasing (35). Particularly worrisome
is the fact that this is most common in strains of C. glabrata, a
species with high rates of azole resistance. Thus, azole/echinocan-
din-resistant C. glabrata strains are becoming a significant thera-
peutic problem that clinicians must face. The predominant
mechanism of echinocandin resistance is due to the presence of
so-called “hot spot” mutations in the FKS gene, which encodes the
�-1,3-glucan synthase target of the echinocandins (36). We first
tested whether AR-12 was active against C. albicans and C.
glabrata strains harboring hot spot mutations. Because the mech-
anism of AR-12 is distinct from that of the echinocandins, it was
not surprising to observe that the activity of AR-12 was not signif-
icantly affected by the presence of FKS hot spot mutations (Table
2, entries 10 to 14). We next examined the effect of AR-12 on the
MIC of caspofungin by use of a checkerboard assay. As with FLU,
subinhibitory concentrations of AR-12 modulated the activity of
caspofungin (Table 2) toward echinocandin-resistant C. albicans
and C. glabrata. Additive interactions were observed with three
isolates (Table 2, entries 10 to 13). In all cases, subinhibitory con-
centrations of AR-12 reduced the caspofungin component of the
FICI at least 4-fold. The strains we used contained four specific hot
spot mutations: CgFKSD632Y (D-to-Y mutation at position 632
encoded by C. glabrata FKS), CgFKSF659del (deletion of F659 in

CgFKS), CgFKSS663P, and CaFKSS645P. In addition, three of the
tested strains were also resistant to azoles, namely, C. glabrata
NC102 and NC999 and C. albicans NC1010. Thus, AR-12 also
modulates the activity of caspofungin toward strains with reduced
susceptibility to echinocandins.

AR-12 reduces mitochondrial function and cellular lipid
content but does not inhibit efflux pump expression. As dis-
cussed above, an important target of AR-12 is acetyl-CoA synthe-
tase (Acs) (10). Acs plays a role in multiple cellular functions in
yeast that could, in principal, affect FLU susceptibility. These in-
clude cellular energetics, gene expression through histone acety-
lation, and lipid biosynthesis (12). One of the most important
mechanisms for the development of azole resistance in clinics is
through the acquisition of gain-of-function mutations in the tran-
scription factors (TAC1 and MRR1) that regulate the expression of
three efflux pumps (MDR1, CDR1, and CDR2). For example, the
SAGA/Ada complex has been shown to be important for upregu-
lation of MDR1 expression in C. albicans (13). The SAGA complex
and nuclear acetyl-CoA synthetase 2 are required for histone acet-
ylation in yeast (37). We have shown that AR-12 blocks histone
acetylation in C. albicans (10). We therefore hypothesized that
AR-12 may negatively regulate the expression of the efflux pumps
that mediate FLU resistance and, thereby, modulate FLU resis-
tance. To test this hypothesis, we examined the effect of AR-12 on
the expression of MDR1, CDR1, and CDR2 using quantitative
RT-PCR. For this set of experiments, the reference strain SC5314
was treated with AR-12 (4 �g/ml) for 3 h; propidium iodide stain-
ing indicated that �95% of the cells were viable at the time of
harvest. Under these conditions, the expression of MDR1 and
CDR2 was reduced slightly or was not significantly changed rela-
tive to that of untreated cells (Fig. 2). In contrast, CDR1 expres-
sion was increased significantly (	5-fold). AR-12 did not have a
significant effect on the increased expression of MDR1, CDR1, or
CDR2 in strains with gain-of-function mutations in TAC1 or
MRR1. Although we cannot rule out that higher concentrations of
AR-12 may have an effect on efflux pump expression, these data
suggest that AR-12 does not reduce the expression of efflux pumps
as part of its mechanism for FLU resistance modulation.

FIG 2 Effect of AR-12 on expression of efflux pumps involved in fluconazole
resistance. The indicated strains were treated with either DMSO or AR-12 (2
�g/ml; 1/4 MIC) for 3 h in YPD and harvested. The expression of CDR1,
CDR2, and MDR1 was determined by quantitative RT-PCR. Bars show the
mean fold change for AR-12-treated cells relative to untreated cells, and error
bars indicate standard deviations of two or three biological replicates deter-
mined with triple technical replicates. The strain names indicate the allele of
MRR1 or TAC1 integrated into the reference strain SC5314.
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A second key function of Acs is to maintain proper carbon-
based metabolism and energetics. Drug efflux pumps require ATP
as well as appropriate electromotive forces and gradients for func-
tion (38). We therefore wondered whether disruption of the
acetyl-CoA pool through inhibition of Acs activity might interfere
with mitochondrial function. MitoTracker red is a dye that stains
mitochondria in a manner dependent upon the presence of an
appropriate proton motive force across the membrane. To exam-
ine the effect of AR-12 on the mitochondria, C. albicans SC5314
cells were treated with a range of concentrations of AR-12 and
then stained with MitoTracker red. As shown in Fig. 3A and B,
AR-12 exposure causes a dose-dependent reduction in Mito-
Tracker red-stained mitochondria. This suggests that there may
be a disruption in the proton motive force across the mitochon-
drial membrane in the presence of AR-12.

Based on this observation, we hypothesized that an AR-12-
mediated reduction in mitochondrial function might lead to re-
duced cellular ATP and, thereby, reduced efflux pump function. If
that were the case, this would not represent a specific effect on
drug efflux pumps but rather would lead to a global reduction in
all ATP-dependent pumps. The most abundant membrane pump

in yeast is Pma1, a plasma membrane H
-ATPase that acidifies
the medium in response to glucose exposure (28). To determine
the effect of AR-12 on Pma1 function, we used a well-established
whole-cell assay to measure the ability of starved cells to acidify the
medium upon exposure to glucose (28). The lethal concentration
of AR-12 under the conditions of the assay was 8 �g/ml. At 2- and
4-fold-lower concentrations than the lethal concentration of AR-
12, the rate at which treated cells acidified the medium was indis-
tinguishable from that of untreated cells (Fig. 3C). This observa-
tion is inconsistent with the hypothesis that the effect of AR-12 on
fluconazole resistance is due to decreased mitochondrial function,
which, in turn, indirectly leads to decreased efflux pump function.
Since Pma1 function is also dependent on an intact plasma mem-
brane and electrochemical gradients, these data suggest that
AR-12 does not induce global membrane derangements which
impair pump function.

Acs is also critical for fatty acid and sterol biosynthesis since it
regulates the cytoplasmic pool of acetyl-CoA. Acetyl-CoA is con-
verted to malonyl-CoA through the action of Acc1, and this pro-
vides the building block for other lipids (12). Therefore, another
potential mechanism by which AR-12 might modulate flucona-

FIG 3 AR-12 effects mitochondrial function and lipid synthesis. (A) C. albicans SC5314 was treated with DMSO or AR-12 and stained with MitoTracker red. (B)
Percentage of cells with visualized mitochondria. The bars represent the mean result of two experiments with a minimum of 100 cells counted per replicate, and
error bars indicate standard deviations. (C) The ability of S. cerevisiae cells to acidify the extracellular medium in response to glucose was determined in the
presence and absence of AR-12 using the decreased absorbance of bromophenol blue at A590 as an indicator of decreasing pH. (D) SC5314 cells were grown
overnight to stationary phase in the presence of AR-12 (8 �g/ml) or DMSO. The cells were harvested and stained with Nile red as described in Materials in
Methods. The micrographs are representative of multiple fields and were taken with identical exposure and contrast settings. (E) Quantitation of the number of
cells with Nile red staining. For each experiment, at least 100 cells were counted for each indicated concentration. The bars represent the mean result of two
independent experiments, with error bars indicating standard deviations. Two-sided Student’s t tests were used to analyze data, and an asterisk indicates a P value
of �0.05 relative to untreated samples; double asterisks indicate a P value of �0.005. BF indicates bright field.
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zole susceptibility is through an overall reduction in carbon flux
through pathways required for lipid biosynthesis. A convenient
measure of lipid homeostasis in yeast is the assessment of the
number and clustering of lipid droplets (25); lipid droplets are
organelles containing a triacylglycerol core and sterol esters and
are readily detected using the vital stain Nile red. Previous studies
in C. parapsilosis have shown that strains lacking genes required
for fatty acid synthesis have reduced numbers of lipid droplets
(39). Lipid droplets accumulate in stationary phase, and we there-
fore compared the number of lipid droplets in cells treated with
subinhibitory concentrations of AR-12 to that in untreated cells.
AR-12-treated cells show a concentration-dependent reduction in
lipid droplet formation (Fig. 3D and E). This observation indi-
cates that AR-12-treated cells are relatively lipid depleted. We pro-
pose that AR-12 may deplete the cellular pool of acetyl-CoA,
which in turn reduces flux through lipid biosynthetic pathways. In
this setting, lower concentrations of fluconazole or less effective
inhibition may be sufficient to inhibit growth. This model is sup-
ported by the observation that the ability of AR-12 to modulate
FLU susceptibility is lost in a strain with an activating UPC2 mu-
tation. Upc2 regulates the expression of fatty acid and ergosterol
biosynthesis genes, and increased activity of this pathway would
be expected to compensate for the decreased availability of acetyl-
CoA induced by AR-12.

AR-12 modulates the fungiolytic activity of caspofungin
against echinocandin-resistant C. albicans and C. glabrata. One
of the features of the echinocandins in the treatment of candidiasis
is that this class of drugs is directly fungicidal and causes the lysis
of yeast cells by inhibition of cell wall synthesis. In principle, the
ability of AR-12 to lower the inhibitory concentration of caspo-
fungin in resistant strains could be due to a fungistatic or fungi-
cidal effect. To distinguish between these possibilities, we used an
assay developed in our laboratory to measure fungal cell lysis (27).
The assay detects the leakage of the intracellular enzyme adenylate
kinase (AK) into the culture medium that occurs when cells lose
cellular integrity; fungiolytic drugs such as caspofungin induce AK
release, while fungistatic drugs such as FLU do not. As shown in
Fig. 4A, concentrations of AR-12 and caspofungin that do not
cause lysis by themselves lead to cell lysis in combination. This
indicates that AR-12 reduces the concentration at which caspo-
fungin causes yeast cell lysis.

In principle, AR-12 could either interfere with cell wall biosyn-
thesis or inhibit the cell wall stress response induced by caspofun-
gin. To explore these possibilities, we examined the effect of the
molecules on cell wall chitin content using the microscopy-based
calcofluor white (CFW) staining assay developed by Walker et al.
(26). In the presence of cell wall stress, the cell wall integrity
signaling pathway as well as other stress response pathways
leads to increased cell wall chitin. Molecules or mutations that
cause cell wall stress lead to increased cell wall chitin and CFW
staining; in contrast, perturbations of the cell wall stress re-
sponse blunt the increase in chitin. Doses of AR-12 and caspo-
fungin that individually do not alter cell wall chitin staining, in
combination, in contrast, lead to a dramatic increase in chitin
staining relative to that of DMSO-treated cells (Fig. 4B). These
observations suggest that the combination of AR-12 and caspo-
fungin synergize to cause increased cell wall stress and, ulti-
mately, cell lysis.

Spontaneous resistance to AR-12 occurs at a low rate and
may require multiple mutations. An important characteristic of

any new anti-infective small molecule is the rate at which resistant
mutants emerge. We therefore plated C. albicans, C. neoformans,
and S. cerevisiae cells on solid agar containing inhibitory concen-
trations of AR-12. Although apparently resistant colonies occa-
sionally emerged, none of these were stably resistant to AR-12
based on the fact that passaging them on nonselective medium led
to strains with wild-type (WT) susceptibility for all isolates. From
these experiments, we estimate the rate of spontaneous mutation
to be �107.

As an alternative approach (40), we serially passaged S. cerevi-
siae BY4741 in increasing concentrations of AR-12 (0.5� and 16�
MIC). Three strains that showed stable (Fig. 5A), reproducible
resistance to AR-12 were isolated: two were isolated at 16 �g/ml
(16-14 and 16-77) and one at 64 �g/ml (64-77). As shown in Fig.
5A, strains 16-77 and 64-77 were viable at 64 �g/ml while strain
16-77 was tolerant to 16 �g/ml. All three strains were slightly less
susceptible to high concentrations of FLU, suggesting that the
mutations may not be specific to AR-12 (Fig. 5B). Backcross of the
mutant strains to a wild type of the opposite mating type led to
diploid derivatives with susceptibility identical to that of the dip-
loid derived from two wild-type strains, indicating that the AR-12
resistance phenotype was recessive (Fig. 5C). The AR-12-resistant
haploid strains as well as the parental wild type were analyzed by
whole-genome sequencing to identify mutations.

As summarized in Table 3, the resistant strains contained mul-

FIG 4 AR-12 restores fungiolytic activity of caspofungin against echinocan-
din-resistant C. albicans and synergizes with caspofungin to cause cell wall
stress. (A) Echinocandin-resistant C. albicans strain NC1010 was grown into
exponential phase overnight in YPD and treated with the indicated concentra-
tions of AR-12 and caspofungin (Caspo) for 5 h. The amount of adenylate
kinase released into the medium was measured as an indicator of cell lysis (see
Materials and Methods). The mean raw luminescence from the AK reaction
(biological duplicates measured in technical triplicate) is represented by bars,
with standard deviations represented by error bars. RLU, relative light units.
(B)The cells were exposed as described for panel A. The cells were harvested,
fixed, and stained with calcofluor white as described in Materials and Methods.
CAS, caspofungin.
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tiple nonsynonymous mutations. Consistent with the sequential
passaging from a single ancestor clone, the strains all contained
the same mutations in YPR137-B, a transposon element, and
TRA1, a gene encoding an essential scaffold protein in the SAGA
complex. In addition, strains 16-14 and 64-77 contained identical
mutations in PDR1, which encodes a transcriptional regulator of
drug efflux (41), and in SVL3, which encodes a vacuolar protein.
Strain 16-77 contains a distinct mutation in PDR1. The PDR1
mutations are in the activation domain of the protein (41). Mu-
tations in this region of Pdr1 are associated with decreased suscep-
tibility to FLU. However, the three strains with PDR1 mutations
show only modestly decreased FLU susceptibility (Fig. 5B); the
decreased FLU susceptibility is also recessive (Fig. 5C). Strain 64-
77, which appears closely related to strain 16-14, has a mutation in
the start codon of MMS2, which encodes a ubiquitin ligase in-
volved in DNA repair. MMS2 is one of the relatively few genes in
the S. cerevisiae genome containing an intron. Broomfield et al.
have shown that translation of MMS2 from the alternative start
codon leads to a nonfunctional protein (42), indicating that the
MMS2 mutation in strain 64-77 should lead to a loss of Mms2
function.

We assessed the contributions of PDR1 and MMS2 mutations
to the resistant phenotypes of the isolated mutants. First, we per-
formed an exhaustive search of the literature for similar mutations
in PDR1. This search revealed that Anderson et al. had previously
isolated PDR1 mutations identical to one of the AR-12-induced
mutations, T817K, and only one residue away from S861Y, at
C862W (43). These PDR1 mutations were isolated as fixed muta-
tions from evolution experiments using low-dose FLU (16 �g/
ml). Both of the mutations were shown to lead to increased ex-
pression of the efflux pump Pdr5 and, consistent with our
observations, modestly decreased FLU susceptibility. High-level
FLU resistance with strains harboring these PDR1 mutations was
found to require the presence of at least one additional mutation,
but that mutation was not identified by Anderson et al. (43). Fi-
nally, these mutations were also found to be recessive in that hy-
brids derived from crossing with parental WT strains showed sus-
ceptibility identical to that of WT diploids (43). Consistent with
the observations of Anderson et al., we also found that the hybrids
of our AR-12-resistant strains lost their resistance to both AR-12
and FLU (Fig. 5C).

These observations suggested that PDR1 mutations may con-
tribute to AR-12 resistance in our isolates. To test this hypothesis,
we deleted PDR1 in strain 16-14 as well as in the parental strain
and compared their susceptibilities to AR-12. Deletion of PDR1 in
the parental strain BY4741 did not significantly change AR-12
susceptibility (Fig. 5D). In contrast, strain 16-14 pdr1� had the
same susceptibility as both BY4741 and the pdr1� derivative of
BY4741. This indicates that the PDR1 mutation mediates a signif-
icant portion of the AR-12 resistance of 16-14. Strain 64-77 has the
same pdr1S861Y mutation as strain 16-14 but is significantly more
resistant than 16-14 (Fig. 4A). This indicates that pdr1S861Y is nec-
essary but not sufficient to induce high-level resistance to AR-12.
The difference between the 16-14 and 64-77 genotypes is that
64-77 contains two additional mutations, mms2M1I and hpf1E169A.
As noted above, the mms2 mutation removes the normal start
codon and leads to the production of a nonfunctional protein
from an alternative start codon (42). We hypothesized that this
mutation may contribute to the high-level resistance of 64-77. To
explore this possibility further, we characterized the role of the
MMS2 mutation in resistance to AR-12 by comparing the suscep-

FIG 5 Serial passaging of S. cerevisiae in increasing concentrations of AR-12
yields resistant strains with multiple mutations. (A to E) The viability of the
indicated strains was determined by harvesting cells from liquid cultures con-
taining the indicated concentrations of AR-12 or FLU (fluconazole) and spot-
ting a 10-fold dilution series on YPD plates. BY4743 or strain name followed by
a delta denotes a diploid derived from mating the indicated strain with
BY4742.

TABLE 3 Nonsynonymous mutations in AR-12-resistant S. cerevisiae
strains

Gene
Chromosome/
position

Codon
changea

Amino acid
change

Presence of mutation
in strain:

16-14 16-77 64-77

TRA1 VIII/304575 AAC-AAA N605K 
 
 

YPR137-C XVI/805261 GTC-ATG V1670 M 
 
 

YPR137-C XVI/805267 CAC-TAC H1668Y 
 
 

SVL3 XVI/489657 GGC-AGC G570S 
 � 

YIL169C IX/25418 GAT-GGT D230G 
 
 �
PDR1 VII/469717 TCT-TAT S861Y 
 � 

PDR1 VII/469849 ACA-AAA T817K � 
 �
KCC4 III/81761 AGT-AAT S867N 
 � �
WHI2 XV/411309 TCA-TAA S147Stop 
 � �
YLL066W-B VIII/5683 CCA-ACA P27T � 
 �
YRF1-6 VIII/5871 TTA-TCA L27S � 
 �
MMS2 VII/346902 ATG-ATT M1I � � 

HPF1 VIII/31103 GAA-GCA E169A � � 

a Nucleotide changes are indicated by underlining.
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tibility of a MMS2 deletion strain to that of 64-77 and the parental
BY4741. As shown in Fig. 4E, the mms2� mutant is less susceptible
to AR-12 than the parental strain BY4741 but is more susceptible
than strain 64-77. These data suggest that the mms2M1I mutation
contributes to the AR-12 resistance of strain 64-77. However, loss
of Mms2 function does not recapitulate the resistance of 64-77,
indicating that the PDR1 mutation is required. Consistent with
that hypothesis, deletion of PDR1 in 64-77 abolishes AR-12 resis-
tance. Taken together, these data are consistent with a model
whereby high-level resistance to AR-12 can emerge through a
PDR-mediated mechanism but appears to require the presence of
additional mutations.

AR-12 improves the activity of fluconazole in a murine
model of disseminated cryptococcosis. Since AR-12 has been
evaluated in a phase I clinical trial as a potential cancer therapy
(Clinical Trials registration no. NCT00978523) and this molecule
represents a novel structural class of antifungal agents, we exam-
ined its activity in a mouse model as an initial proof-of-principle
evaluation of the scaffold. Preclinical studies with mice indicated
that serum concentrations up to 1.5 �g/ml were obtained after a
single oral dose of 40 mg/kg (S. Proniak, personal communica-
tion). Based on our in vitro data and these pharmacokinetics/
pharmacodynamics (PK/PD) data, it seemed that the combina-
tion of FLU and AR-12 would be the most likely to show efficacy in
the mouse model. One of the most pressing unmet clinical needs
in medical mycology is the identification of an oral, fungicidal
therapy for cryptococcal meningitis (4, 44). As such, there is in-
terest in developing novel molecules as stand-alone therapies as
well as adjuvants that yield fungicidal combinations with FLU
(22). With these considerations in mind, we tested the efficacy of
AR-12 in combination with FLU in a mouse model of cryptococ-
cosis as a proof-of-principle test of whether the in vitro antifungal
activity of AR-12 could be observed in vivo.

In accordance with an established model of disseminated cryp-
tococcosis, mice were inoculated with C. neoformans H99 by tail
vein inoculation, a mode that rapidly establishes a central nervous
system infection (45). One day after inoculation, the mice were
treated with carrier, FLU (10 mg/kg), AR-12 (100 mg/kg), or
AR-12 plus FLU for 6 days. The combination of FLU and AR-12
reduced the brain fungal burden 	1 log10 relative to FLU alone,
while treatment with AR-12 alone had no effect (Fig. 6). In our
experience, fungal brain burden reductions of greater than 1 log10

are generally required if a survival benefit is to be observed. There-
fore, we did not evaluate the activity of AR-12 plus FLU using that
endpoint because we felt it would be unethical. The activity of FLU
plus AR-12 is comparable to that observed with a 3-mg/kg dose of
amphotericin B as reported by other groups (46). In vitro fungi-
cidal activity for FLU plus AR-12 in vitro is seen at 2 �g/ml of
AR-12, while the MIC is 4 �g/ml for AR-12 alone. Thus, it is likely
that multiple dosing leads to higher concentrations and, in turn, is
sufficient for activity of the AR-12–FLU combination but is not
sufficient for AR-12 alone.

We also examined the activity of AR-12 alone and in combina-
tion with FLU in a mouse model of disseminated candidiasis. The
combination of AR-12 and FLU reduced the kidney burden rela-
tive to either agent alone, but the difference did not reach statisti-
cal significance despite multiple experiments (data not shown).
The maximum serum level of AR-12 observed in single-dose PK
studies in mice was 2.4 �M (1.1 �g/ml). We suspect that insuffi-
cient AR-12 concentrations are achieved during the rather short

duration of the candidiasis treatment model (3 to 4 days). Our
data provide proof-of-principle that AR-12 has in vivo antifungal
activity when combined with FLU. Further optimization of dosing
or additional experiments in mammals with drug metabolism
profiles more like those of humans will be required to establish the
potential of AR-12 itself as an antifungal therapy. Nonetheless,
AR-12 is the first example of a novel structural class of antifungal
small molecules and has bona fide drug-like properties. As a lead
molecule, AR-12 is extremely attractive, given its broad spectrum
of activity, good pharmacology, and in vivo activity. Given its
modest in vivo activity, additional improvements in activity or
pharmacology are likely to be required.

DISCUSSION

The antifungal pipeline has delivered only one new structural or
mechanistic class of drugs to clinical practice in the last 30 years
(1–3). During that same time period, the incidence of invasive
fungal infections has increased globally. Currently, the antifungal
drugs used to treat invasive fungal infections are limited to three
structural and mechanistic classes (2, 3). New additions to the
antifungal pharmacopeia in the last 15 years have been limited to
new variations of established scaffolds targeting either ergosterol
(azoles) or glucan (echinocandins) biosynthesis. As discussed in a
recent review of the antifungal pipeline (2), only a few molecules
with novel mechanisms or targets have progressed in development
as antifungal agents. Thus, an important task for antifungal drug
development in general is to identify new targets that are drug-
gable and that are either not essential in humans or present op-
portunities for selective inhibition. Ideally, new agents will also
have broad-spectrum activity; the overall incidence of any one
fungal infection is generally too low to make development of
agents tailored to specific organisms economically or logistically
viable.

AR-12 has progressed as a targeted anticancer therapy and has
been found to be well tolerated in a phase I clinical trial (Clinical
Trials registration no. NCT00978523). In this trial, a serum con-
centration of 8 �M or 3.7 �g/ml was achieved and well tolerated
by subjects (S. Proniak, Arno Pharmaceuticals, personal commu-
nication). This serum level is similar to the MIC for AR-12 against
a wide range of human fungal pathogens (Fig. 1B). Although se-

FIG 6 AR-12 improves the activity of fluconazole in a mouse model of cryp-
tococcosis. C. neoformans brain burdens (in CFU/g of brain) are shown for
animals treated with the indicated doses of AR-12 and/or FLU for 6 days after
tail vein inoculation with 4.5 � 104 CFU/animal. P values are from ANOVA.
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rum levels do not necessarily correlate with antifungal activity,
AR-12 and related molecules appear to have good drug-like prop-
erties and toxicity profiles. The general chemical structure repre-
sented by AR-12 is a scaffold well suited for additional optimiza-
tion of its antifungal properties as part of a repurposing approach.
As has been well discussed in the literature (47), it is generally
more efficient to optimize on-target activity within a pharmaco-
logically suitable chemical scaffold than to engineer away from
toxicity or poor pharmacology.

The spectrum of in vitro activity for AR-12 is remarkably
broad. It is active against pathogenic yeast, molds, and dimorphic
fungi, with MICs generally between 2 and 4 �g/ml for multiple
isolates of each species. AR-12 is active against species of Candida
that are intrinsically less susceptible to FLU (C. glabrata and C.
krusei) as well as clinical isolates of C. albicans and C. glabrata
resistant to FLU, indicating that the mechanisms responsible for
FLU resistance do not affect susceptibility to AR-12. Similarly,
AR-12 is active against isolates of the basidiomycete C. neofor-
mans, including an isolate with an elevated FLU MIC. No new
classes of antifungal drugs with clinically useful activity against
this pathogen have been developed in over 30 years, and the cur-
rent therapy is based on drugs that are over 50 years old (5). As
such, activity against Cryptococcus is an important feature of AR-
12’s spectrum.

One of the most exciting features of AR-12 is its in vitro activity
against mold species that are either extremely difficult or impos-
sible to treat using currently available drugs. The two most impor-
tant examples are Fusarium and Scedosporium (48). Fusarium spp.
are relatively resistant to most agents and are generally treated
with either amphotericin B or voriconazole. Scedosporium spp. are
largely regarded as being resistant to all available drugs, although
some isolates are susceptible to voriconazole in vitro. AR-12 is also
active against members of the order Mucorales, such as R. oryzae,
which also represent difficult-to-treat species with variable sus-
ceptibility to currently available drugs (49). Finally, AR-12 is ac-
tive against the three most important dimorphic fungal pathogens
in North America: H. capsulatum, B. dermatitidis, and Coccidioides
spp. As a whole, the spectrum of antifungal activity of AR-12 is
comparable to that of amphotericin B in that AR-12 is active
against a wide range of yeast and mold species with variable re-
sponses to any antifungal drug. The spectrum of activity alone
suggests that the scaffold is worthy of continued optimization and
development as a potential antifungal drug.

AR-12 is active against strains of Candida with resistance to
azoles and echinocandins, the two most clinically important types
of antifungal resistance. Furthermore, AR-12 appears to modulate
the FLU susceptibility of FLU-resistant strains in that subinhibi-
tory concentrations of AR-12 reduce the concentrations of FLU
needed to inhibit growth. This occurs in strains with mutations
increasing the expression of both efflux pumps and ERG11, the
target of FLU. The mechanism of this effect is not related to de-
creased pump expression, and indeed, AR-12 induces the expres-
sion of one of the pumps (CDR2). Two alternative mechanisms
are (i) AR-12 inhibits pump function or (ii) AR-12 decreases car-
bon flux through the ergosterol biosynthesis pathway, reducing
the amount of FLU needed to achieve an antifungal effect. Our
observations are most consistent with the latter mechanism in that
lipid content of the cells is reduced and that gain-of-function mu-
tations in UPC2, a regulator of lipid biosynthesis, reduce the abil-

ity of AR-12 to modulate FLU susceptibility. It must, however, be
emphasized that other factors may also contribute.

In order to gain information regarding the development of
resistance toward AR-12, we performed selection experiments de-
signed to isolate AR-12-resistant mutants. Traditional plating ex-
periments using concentrations above the MIC did not yield sta-
bly resistant mutants, indicating that the rate of spontaneous
resistance is low. We then used an in vitro evolution approach in
which S. cerevisiae strains were passaged for multiple generations
in the presence of increasing concentrations of AR-12. This led to
the isolation of three lineages that showed decreased susceptibility
to AR-12. None of the lineages contained mutations in the puta-
tive target genes ACS1 or ACS2. Two strains showed a 4-fold in-
crease in MIC (strains 16-14 and 16-77), while strain 64-77
showed high-level resistance (16-fold). All three strains contained
mutations in PDR1, the transcription factor that regulates multi-
drug efflux pump expression and FLU susceptibility (41). The
fixation of PDR1 mutations in our lineages may explain why mu-
tations within the putative target genes, ACS1 and ACS2, were not
observed. One of the mutations, PDR1T817K (strain 16-77), was
isolated by Anderson et al. using the same evolution experiment
with FLU, while the other mutation (PDR1S861Y in strains 16-14
and 64-77) is one position removed from a second mutation iso-
lated by the same group (43). Anderson et al. found that these
mutations led to increased PDR gene expression (43). They also
observed that the mutations were associated with modest effects
on FLU susceptibility that were augmented by unidentified sec-
ond-site mutations and were recessive. The FLU-associated phe-
notypes of our pdr1 mutants are consistent with these findings.

The most informative pair of mutants in our set are strains
16-14 and 64-77, because each strain contains the same pdr1 mu-
tation but they have 4-fold differences in susceptibility. Deletion
of PDR1 returns both strains to wild-type susceptibility. This ob-
servation indicates that pdr1S861Y is necessary for resistance but is
not sufficient for the high-level resistance observed with strain
64-77. This strain contains a loss-of-function mutation in MMS2
(42) which appears to contribute to the resistance phenotype of
strain 64-77, although we cannot rule out the possibility that a
mutation in HPF1 makes a contribution as well.

Taken together, our data regarding the role of efflux pumps in
the susceptibility of yeast strains to AR-12 paint a complex picture.
First, well-characterized transcription factor gain-of-function
mutations in laboratory and clinical isolates that lead to increased
pump activity and FLU resistance have no effect on AR-12 suscep-
tibility. Second, deletion of these same transcription factors (e.g.,
S. cerevisiae PDR1 and C. albicans TAC1) hypersensitize cells to
FLU; these deletions have no effect on AR-12 susceptibility. Third,
gain-of-function mutations in S. cerevisiae PDR1 clearly play a role
in the evolution of AR-12 resistance. Thus, it appears that under
some circumstances AR-12 activity can be influenced by efflux
pump activity. However, this is not consistently the case and may
be dependent on either specific conditions or the presence of ad-
ditional mutations in the strains. A full understanding of the role
of efflux pumps in the activity of AR-12 will require additional
work specifically focused on this question.

Although AR-12 has activity against a number of medically
important fungi, we focused our initial in vivo study on crypto-
coccosis. As discussed above, new therapies for this globally im-
portant pathogen are urgently needed (4, 5, 44). AR-12 has a num-
ber of features that make it, or molecules derived from it,
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attractive for further development as a potential anticryptococcal
agent. First, AR-12 is fungicidal, a property this has been shown to
be especially important for the treatment of cryptococcal menin-
gitis (50, 51). Second, AR-12 combines with FLU to yield a fungi-
cidal cocktail against C. neoformans in vitro. Third, AR-12 has oral
bioavailability, which is ideal for a cryptococcal agent since re-
source-limited regions have among the highest burden of this dis-
ease (44). The combination of FLU and AR-12 was more effective
than FLU alone, with an 	1-log10 CFU/g reduction in brain bur-
den for FLU plus AR-12 relative to FLU alone. This is consistent
with our in vitro data for the combination. These data provide
proof-of-principle for the fact that AR-12 is able to show antifun-
gal activity in vivo in combination with FLU.

The lack of activity of AR-12 by itself is likely a function of
insufficient levels in the brain achieved at this dosing in mice. The
maximum concentration of drug in plasma (Cmax) observed in
single-oral-dose PK/PD experiments in mice is very close to the
concentrations required for synergistic activity with FLU. We sus-
pect that upon multiple dosing over the 6-day experiment, levels
in tissue sufficient for synergy are achieved; however, it appears
that the levels are insufficient for activity as a single agent. As a
comparison, the addition of flucytosine to amphotericin B re-
duces the brain burden by 	0.5 log10 CFU/g compared to ampho-
tericin B alone in a murine model (46); clinically, this combina-
tion is superior to amphotericin B alone (51). Furthermore, the
combination of sertraline and FLU was recently reported to give a
2-fold reduction in cryptococcal brain burden (52), and it is now
being studied in a phase III clinical trial (53). Therefore, the activ-
ity of AR-12 in combination with FLU supports the possibility that
further optimization of dosing or the development of more active
analogs could lead to clinically useful combination.

The fact that AR-12 has also been in human clinical trials
indicates that it is, in principle, a suitable scaffold from a phar-
macological point of view (Clinical Trials registration no.
NCT00978523). Based on the PK/PD data and in vivo experi-
ments in mice, it seems that further medicinal chemistry optimi-
zation of the general class represented by AR-12 will be needed to
generate a clinical candidate. It should be noted, however, that
mouse drug metabolism differs significantly from that of humans;
for example, voriconazole is not active in mouse models due to
rapid clearance. Data from the AR-12 phase I clinical trial indi-
cates that higher concentrations are achievable in humans than in
mice. Therefore, additional testing of AR-12 in models of fungal
infections in animals with drug metabolism similar to that of hu-
mans may be warranted to fully evaluate the potential of AR-12
itself. Whether or not AR-12 itself is sufficiently active, these data
certainly support the notion that AR-12 represents an important
new lead scaffold with attractive antifungal activity and favorable
pharmacologic properties and that further optimization of this
scaffold may lead to even better candidates.

As we have recently reported, AR-12 inhibits yeast acetyl-CoA
synthetase in vitro (10), and based on a variety of cellular and
genetic evidence, this inhibition appears to contribute signifi-
cantly to the mechanism of its antifungal activity. Acetyl-CoA syn-
thetase has been shown to be essential in C. albicans (13) and S.
cerevisiae (54). Although studies in other pathogens have not been
carried out, deletion of one of the three isoforms in C. neoformans
has been shown to reduce virulence in vivo (14). Acetyl-CoA syn-
thetase converts acetic acid to acetyl-CoA in an ATP-dependent
process (11). In humans, the majority of acetyl-CoA is generated

from glucose by the action of the enzyme ATP-citrate lyase (15,
16). Recent studies have found that tumor cells show an increased
dependence on acetate metabolism relative to that of normal cells
and, accordingly, an increased proportion of acetyl-CoA arising
from acetate through acetyl-CoA synthetase (16–19). Indeed, in-
creased expression of acetyl-CoA synthetase in tumors appears to
correlate with poor outcomes (17). These observations have led to
the hypothesis that acetyl-CoA synthetase may be a good antican-
cer target since it is not crucial for normal cells (19); deletion of
acetyl-CoA synthetase in mice is possible, but deletion of ATP-
citrate lyase is lethal (55). These same considerations also apply to
acetyl-CoA synthetase as a potential antifungal target. Regardless
of whether AR-12 itself is sufficiently active to be clinically useful,
the broad-spectrum antifungal activity of the molecule and its
drug-like properties and novel target suggest that further optimi-
zation of the scaffold is warranted.
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