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Abstract

The opportunistic fungal pathogen Aspergillus fumigatus, which is one of the primary airborne ascomycete
pathogens and allergens worldwide, causes invasive fungal infections, which have high morbidity and
mortality rates among immunosuppressed patients. The abuse of azole antifungals results in serious drug
resistance in clinical therapy. Thus, a thorough understanding of the azole drug resistance mechanism and
screening of antifungal agents with a novel mode of action and new drug targets are required to fight
against drug resistance. Current studies suggest that there are three major azole resistance mechanisms
in fungal pathogens, including changes of the drug target Cyp51, activation of drug efflux pumps and in-
duction of cellular stress responses. Fungi must adapt to a variety of external environmental stressors to
survive. These obstacles include stress to the plasma membrane after azole antifungal treatments, high
temperature, pH variation, and oxidative stress. As a filamentous fungus, A. fumigatus has evolved numer-
ous signal-transduction systems to sense and respond to azole stresses to survive and proliferate in harsh
environmental conditions. Among these signal-transduction systems, the Ca2+ signaling pathway is one of
the most important response systems, which has been verified to be involved in stress adaptation. In this
review, we have summarized how the components of the calcium-signaling pathway and their interaction
network are involved in azole stress response in A. fumigatus.
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Introduction

In all eukaryotic cells, calcium is a second messenger that is in-
volved in growth, development, secretion, transportation and
stress response.1 Under normal physiological conditions, the cy-
tosolic free calcium ([Ca2+]c) concentration is strictly and pre-
cisely controlled by the complex of calcium signaling pathway
that consists of various channels, transporters, pumps, sensors,
and effectors located in the plasma membrane, intracellular stor-
age organelles, and calcium buffering in the cytoplasm.2–4 In the
unstimulated cell, cytosolic Ca2+ concentrations are maintained
at a resting level between 50 and 200 nM, but their concen-
trations in the intracellular storage organelles are thousands of
times higher.5,6 Upon stimulation, Ca2+ is rapidly released from

the intracellular Ca2+ pools. During this transient response, a va-
riety of effectors are activated to adapt for environmental stim-
uli.2,7

By mimicking a clinical, long-term azole exposure environ-
ment, stable itraconazole -resistant strains were successfully ob-
tained from clinic-derived Aspergillus fumigatus isolates cul-
tured on media containing high concentrations of itraconazole.
Through a series of procedures, such as reverse genetics, site-
directed mutations, agar plate susceptibility assay, broth mi-
crodilution for cross-resistance testing, and next-generation se-
quencing, new non-CYP51 mutations conferring azole resistance
have been identified. Among these itraconazole-resistant iso-
lates, hyperactivated cytoplasmic calcium responses were found
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Figure 1. Schematic representation of calcium signaling pathway involved in
azole stress. Calcium homeostasis is tightly regulated by various components
in A. fumigatus including CchA/MidA on plasma membrane, PmrA in Golgi,
ClxA in ER, McuA in mitochondria, VcxA, PmcA and YvcA in vacuole. Defects
in calcium homeostasis lead to the retention of cytoplasmic calcium which en-
hances the calcineurin phosphatase activity by Ca2+-calmodulin complex. The
activated calcineurin complex dephosphorylates the calcineurin-dependent
transcription factor, CrzA, and enables its translocation into the nucleus. CrzA
activates the transcription of genes involved in the regulation of cell wall in-
tegrity and ion homeostasis and consequently affecting drug susceptibility.
This Figure is reproduced in color in the online version of Medical Mycology.

to be contributed to azole-drug resistance.8,9 In this study, we
summarize previously published papers and our findings, which
indicate how the calcium-signaling pathway involves azole-drug
resistance in fungal pathogens.

The complex of calcium signaling pathway is
required for the cytosolic calcium homeostasis

Calcium uptake systems in the plasma membrane
In most fungal species, two different calcium uptake systems
in the plasma membrane have been identified: the high-affinity
calcium influx system (HACS) and the low-affinity calcium in-
flux system (LACS) (Fig. 1). In the budding yeast Saccharomyces
cerevisiae, the HACS consists of the ortholog of a α-subunit
of the mammalian voltage-gated calcium channel Cch1 and a
stretch-activated β-subunit calcium channel/regulatory protein
Mid1. Both Cch1 and Mid1 proteins have been shown to be

necessary for Ca2+ influx, which acts as the major calcium en-
try route under low calcium availability conditions in S. cere-
visiae.10,11 In comparison, when cells meet high environmental
calcium availability, the LACS, which is primarily composed
of mating factor-induced gene 1 (Fig. 1), will be activated to
function as calcium channels in response to pheromone treat-
ment.12,13 In the filamentous fungus Aspergillus nidulans, the
calcium channel CchA and its regulatory subunit MidA form the
HACS to facilitate calcium influx in low-calcium concentration
environments. Therefore, the loss of cchA or midA results in de-
creased cytosolic Ca2+, while the addition of extracellular Ca2+

can significantly rescue their growth defects, suggesting that the
high-calcium environment could bypass the requirement of the
HACS14,15. Comparably, the opportunistic fungal pathogen A.
fumigatus has a similar response to calcium environments but
with a reduced calcium response compared to the model organ-
ism A. nidulans.16

Calcium release from intracellular calcium stores
In fungal cells, many lines of evidence indicate that the endo-
plasmic reticulum, Golgi apparatus, mitochondria, and vacuole
function as intracellular calcium stores depending on the P-type
Ca2+ transporting ATPases and calcium pumps located on these
organelle membranes. The P-type Ca2+ transporting ATPases ex-
pend energy derived from ATP for transferring Ca2+ against the
ion gradients. According to the tissue distributions and functions
of pumps, nine different Ca2+ pumps in humans corresponding
to at least 30 splice variants have been identified and classi-
fied into three groups: PMCA (plasma membrane Ca2+-ATPase),
SERCA (sacro/endoplasmic reticulum Ca2+-ATPase), and SPCA
(secretory pathway Ca2+-ATPase).1 In comparison, S. cerevisiae
has human P-type Ca2+ transporting ATPases homolog Pmr1,
which is a plasma membrane ATPase-related Ca2+/Mn2+ pump
localized in the Golgi apparatus. The deletion of S. cerevisiae
pmr1 results in the retention of Ca2+ and Mn2+ in the cytoplasm,
while deletion of pmrA, a yeast pmr1 homolog in A. nidulans,
leads to indistinctly decreased cytosolic calcium concentrations,
suggesting that the function of Golgi-localized Pmr1/PmrA is not
conserved across different species.17,18 A recent study reports
that a lectin chaperone Ca2+-binding protein-ClxA, a mam-
malian calnexin homolog, is involved in the fungal endoplasmic
reticulum stress response by regulating Ca2+ homeostasis in A.
nidulans. Inactivation of calnexin causes severe defects in hyphal
growth and conidiation under the endoplasmic reticulum and
high temperature stresses in A. nidulans, indicating that ClxA
may mediate calcium release from internal calcium stores.19

Comparably, Ca2+ uptake into mitochondria plays a central role
in cell physiology by stimulating ATP production, shaping cy-
tosolic Ca2+ transients and regulating cell survival or death.1 As
intracellular calcium stores, mitochondria have been studied ex-
tensively in mammalian cells, while a recent study demonstrates
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that the A. fumigatus genome encodes a putative mitochondrial
homolog Ca2+ uniporter-McuA, which contributes to Ca2+ up-
take into mitochondria and involves azole stress responses.20,21

In addition, the Na+/Ca2+ exchanger (mNCX) and the Ca2+/H+

exchanger (mHCX) primarily contribute to Ca2+ extrusion from
mitochondria to cytosol.22 In addition, the vacuole, an important
compartment in fungi, is crucial for adaptation to stress, endocy-
tosis, autophagy, and pathogenesis and has also been recognized
as the main organelle for storage and a Ca2+ sink that plays
important roles for recycling intracellular calcium.2,23 For vac-
uolar storage of Ca2+, two principal transporters have been iden-
tified: the lower-affinity vacuolar Ca2+/H+ exchanger-Vcx1 and
the high-affinity Ca2+-ATPase-Pmc1 in yeast S. cerevisiae.24,25

Deletion of vcx1, pmc1, or vcx1/pmc1 in S. cerevisiae greatly
affects the characteristics of Ca2+ responses. Ca2+ storage is
greatly attenuated in the vcx1 mutant during the transient ele-
vation of cytosolic calcium (TECC) response.26 In S. cerevisiae,
Vcx1p is identified as a protein complex that is predominantly re-
sponsible for restoring cytosolic Ca2+ concentrations after brief
challenge with high extracellular Ca2+ concentrations, while
Pmc1p appears to be critical for long-term Ca2+ tolerance.25

Although single deletion of pmc1 shows no significant effect
on Ca2+ storage during the TECC response, it greatly attenu-
ates Ca2+ storage during the Ca2+ pulse.26 In contrast, double
knockout of Cryptococcus neoformans pmc1 and vcx1 genes
impairs intracellular calcium transport, resulting in a signifi-
cant increase in cytosolic calcium levels.27,28 However, Dina-
marco et al. has proposed that A. fumigatus has three Pmc1
and four Vcx1 homologues, both Pmc1 homolog genes-pmcA
and pmcB mutants in A. fumigatus show sensitivity to Ca2+

compared to the parental strain.29 In addition to maintaining
low cytosolic calcium, the vacuole also plays a vital role in
releasing calcium into the cytoplasm in response to external
stresses.30 Yvc1p in S. cerevisiae and YvcA in A. fumigatus,
which are homologs of mammalian transient receptor poten-
tial (TRP) proteins, have been identified as vacuole membrane-
localized calcium channels contributing to cytoplasmic calcium
fluctuation by releasing calcium from the vacuole into the cy-
toplasm. Although the expression of yvc1 strongly depends on
the cytosolic Ca2+ concentration in S. cerevisiae, the deletion
of yvc1 results in no significant alteration in cytosolic calcium
under various stresses.26,31 Unlike yvc1, the A. fumigatus yvcA
mutant shows a constant low level of intracellular calcium con-
centrations, suggesting that yvcA mediates cytoplasmic calcium
homeostasis.16

Relationships between the functional
calcium-signaling pathway and azole susceptibilities
in fungi

Fungal pathogens have evolved elaborate mechanisms to sense
varied environmental stresses, including drug stress, oxidative

stress, osmotic stress, and thermal stress.32–35 The calcium-based
signaling system can alter the free Ca2+ concentration in the cy-
toplasm in response to environmental stimuli and physiological
signals through regulating calcium channels or calcium trans-
porters, Ca2+-binding proteins, as well as other downstream
proteins.36 There are three different categories that we have sum-
marized below, which show evidences for the functional calcium-
signaling pathway involved in azole resistance.

Synergistic effect of inhibitors or blockers of calcium signaling
pathway with antifungals
There are many reports documenting that non-antifungal com-
pounds, such as amiodarone, cyclosporine (CsA), tacrolimus
(FK506), rapamycin, the estrogen receptor antagonists-
tamoxifen and toremifene, and certain calcium channel blockers
exhibit antifungal activity alone or in combination with anti-
fungal drugs through interference with the functions of these
components.37–42 In both S. cerevisiae and A. fumigatus, azole
efficacy is reduced by the addition of Ca2+ for fungal cells. Con-
versely, azole and polyene drug (amphotericin B) efficacy are
enhanced by the addition of the Ca2+ chelator ethylene glycol
tetraacetic acid (EGTA) and ethylene diamine tetra-acetic acid
(EDTA).43–45 Moreover, the cytoplasmic Ca2+ level is able to be
sharply increased by azole stimuli while the addition of EGTA
results in remarkably decreased cytosolic Ca2+ concentrations in
fungal cells, suggesting that the calcium influx response induced
by azole is inhibited by EGTA.44 In addition, the disruption of
biofilms, which are associated with drug resistance by EDTA, has
also been observed in C. albicans, indicating the importance of
calcium homeostasis for fungal pathogens.46 These data suggest
that the altering extracellular Ca2+ concentrations are capable
of influencing the antifungal activity of antifungal drugs.

CsA and FK506, inhibitors of the calcineurin activity via
interaction with respective immunophilins, cyclophilin A, and
FKBP12, have been shown to display a synergistic effect with
fluconazole treatment against azole-resistant C. albicans.36,47

Moreover, inhibitors of calcineurin are also effective against A.
fumigatus in vitro through a synergistic effect with echinocandin,
caspofungin.48,49 In addition to those inhibitors of calcineurin,
three structurally distinct inhibitors (fluphenazine, calmida-
zolium, and a W-7 analogue) of the Ca2+-binding regulatory
protein calmodulin are also capable of enhancing azole activ-
ity.43 Verapamil, a phenylalkylamine class of calcium channels
blockers that decreases Ca2+ concentrations, inhibits hyphal de-
velopment and adhesion in C. albicans. Furthermore, verapamil
and fluconazole have also been observed to exert combined ef-
fects, inhibiting C. albicans biofilm formation.50 This evidence
suggests that the inhibitors of the calcium-signaling pathway or
calcium channel blockers have a synergistic effect along with
azoles against azole-resistant isolates.
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Loss of functional calcium signaling pathway components cause
the alteration of azole susceptibility
In Candida glabrata, the loss of calcium channel mid1 or cch1
results in increased susceptibility to fluconazole compared to
the wild type.51 The same phenomenon in A. fumigatus shows
that compared to that of the parental wild type, the �cchA and
�midA strains are more susceptible to various azoles, including
voriconazole, ketoconazole and itraconazole due to decreased
cytosolic Ca2+ concentrations.16 In addition, the blocking of the
vacuole channel in C. neoformans, which transfers calcium from
cytoplasm to vacuole, results in a continuous activated calcium
signaling pathway due to cytosolic Ca2+ retention.28 In contrast,
in the pmcA, pmcB or yvcA mutants of A. fumigatus, there are
no detectable changes of cytosolic Ca2+ concentration and sus-
ceptibility to antifungal agents, suggesting that redundant and
complex calcium uptake channels or storages may exist in A.
fumigatus for regulating Ca2+ homeostasis.29 The retention of
cytosolic Ca2+ could also be achieved in the pmr1 mutant in S.
cerevisiae, which causes continuous activation of the calcium-
signaling pathway.52 Although there is no obvious alteration of
cytosolic Ca2+ in the A. fumigatus pmrA mutation, the mcuA
mutants display increasing in cytosolic Ca2+, which cause azole
resistance compared to the parental strain. Moreover, the ad-
dition of the Ca2+ chelator, EGTA, rescues the reduced azole
susceptibility phenotype of the mcuA mutant.20 These stud-
ies show that the alteration of cytosolic Ca2+ caused by the
defects of calcium channels may affect the response to azole
stress.

Defects of posttranslational modifications of main components
in calcium signaling pathway result in increased azole suscepti-
bilities
In fungi, upon stimulation by various external stresses, increased
cytosolic Ca2+ first leads the Ca2+ sensor protein, calmodulin
(CaM), to be activated through binding with calcium ions and
subsequently activates the phosphatase calcineurin. In S. cere-
visiae, as the central controller of the calcium signaling path-
way, calcineurin dephosphorylates the transcriptional factor
Crz1 (calcineurin-responsive zinc finger 1), leading to its nu-
clear translocation.53 Crz1 lastly activates downstream genes,
including the Ca2+-ATPase genes pmc1, pmr1, pmr2, and the
glucan synthase gene fks2, the feedback of which affects calcium
homeostasis and cell wall integrity, by binding to calcineurin-
dependent responsive elements (CDREs) within their promoter
regions.5 It has been reported that the proper function and lo-
calization of Crz1 depends on dephosphorylation catalyzed by
calcineurin, which serves as a phosphatase.54,55 In S. cerevisiae,
the mutation of cna1 or crz1 enhances sensitivity to micona-
zole, itraconazole and terbinafine.43 A similar phenomenon is
observed in A. fumigatus cnaA or crzA mutants. In addition
to azoles, CrzA also plays a role in mediating the paradoxical
effects caused by caspofungin since the high concentration of

caspofungin elicits a spike in cytosolic Ca2+ and activates the
dephosphorylated-form of CrzA, up-regulating the downstream
targeted gene expression of chitin synthase to increase chitin
synthesis.56

In addition to the phosphorylation of the transcription factor
CrzA, previous work showed that palmitoylation, which is a re-
versible lipid modification, plays a vital role in calcium regulation
and drug susceptibility in Aspergilli. Palmitoyl transferase AkrA,
a homolog in the filamentous fungus A. nidulans, is required for
normal growth and sporulation under low extracellular calcium
cultural conditions. In AkrA dysfunction mutants, there exists
significantly decreased cytosolic free calcium response, induced
by high extracellular calcium stress, tunicamycin, or the antifun-
gal agent itraconazole compared to its reference strain.18 These
data show that posttranslational modification may also be in-
volved in cytosolic calcium homeostasis and crucial for regulat-
ing the cell response to antifungal drugs in A. fumigatus.

In summary, fungi must adapt to a variety of environmen-
tal stress obstacles to survive, while these obstacles include
stresses upon antifungal treatments. A. fumigatus, a widespread
saprotroph fungus in nature, has evolved numerous signal-
transduction systems to sense and respond to azole stresses
to survive and proliferate in harsh environmental conditions.
Among these signal-transduction systems, the Ca2+ signaling
pathway is one of most important response system, which has
been determined to be involved in stress adaptations. Calcium
homeostasis is usually dependent on the equilibrium between the
uptake and release of calcium ions from the extracellular envi-
ronment and intracellular storages. Therefore, the endoplasmic
reticulum, Golgi apparatus, vacuole and mitochondria, which
are major intracellular calcium storage compartments, play im-
portant roles in maintaining intracellular calcium equilibrium.
The regulation of calcium homeostasis requires activation of the
trimeric complex (CnaA-CnaB-CaM) to elicit downstream re-
sponses by regulating CrzA to modulate the gene expressions of
the calcium channels. Current studies collectively demonstrate
that the activation of the calcium signaling pathway induced
by azole stress contributes to the survival of fungal cells during
drug exposure. In contrast, the blocking of the calcium signaling
pathway or the loss of the functional calcium signaling pathway
components in A. fumigatus cause enhanced drug susceptibili-
ties. Thus, effectively utilizing the inhibitors or blockers of the
calcium signaling pathway can significantly enhance the phar-
macology of limited antifungal agents, especially for non-CYP51
azole resistance isolates in clinical A. fumigatus.

Perspectives and clinical indications

The calcium-involved stress-response pathway might be used as
new antifungal drug targets
Although calcineurin, a central component in the calcium sig-
naling pathway, has been used as a drug target in the clinic,
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currently available anti-calcineurin agents, such as FK506 and
CsA, are not ideal for treating invasive fungal infections since
these drugs have subsequent immunosuppressive side effects.57

Butts et al. demonstrates that tamoxifen and toremifene exerts
their anticryptococcal activity alone or in combination with flu-
conazole and amphotericin B by directly binding to the essential
EF-hand protein calmodulin.37 Moreover, the antifungal pep-
tides PAF and AFPNN5353 exert their antifungal activity by in-
fluencing the cytosolic calcium concentrations.39,40 Therefore,
these findings suggest that other components of calcium-involved
stress-response pathway might be the promising targets for new
antifungal drugs with low toxicity to the host.

The synergistic combinations of antifungals and calcium signal-
ing inhibitors might be a compromising strategy
Invasive fungal infections caused by uncommon filamentous
fungi, such as Mucorales, Fusarium, and Scedosporium, has in-
creased in the last decades and generally difficult to treat due
to primary resistance to many currently available antifungal
drugs.58–60 There have been reports that synergistic effects of
various antifungal combinations or antifungals and immuno-
suppressive agents (tacrolimus and sirolimus) have been noted
in vitro against mucormycosis, and combinations of antifun-
gals and antimicrobials or non-antifungal agents shows poten-
tial benefits in the treatment of fusariosis.61–64 As synergistic
drug combination has been proved to be a valid therapeutic ap-
proach, antifungal drugs in combination with calcium signaling
pathway inhibitors might be new way to fight against fungal
drug resistance in prospectively clinical utilization.

Acknowledgments

This work was financially supported by the National Natural Science Foun-
dation of China (NSFC) (grant 81330035 and grant 31770086 to L.L.),
Program for Jiangsu excellent scientific and technological innovation team
(17CXTD00014), the Priority Academic Program Development (PAPD)
of Jiangsu Higher Education Institutions and the Project funded by China.

Declaration of interest

The authors report no conflicts of interest. The authors alone are respon-
sible for the content and the writing of the paper.

References

1. Clapham DE. Calcium signaling. Cell. 2007; 131: 1047–1058.
2. Cui J, Kaandorp JA, Ositelu OO et al. Simulating calcium influx and free calcium

concentrations in yeast. Cell Calcium. 2009; 45: 123–132.
3. Cunningham KW. Acidic calcium stores of Saccharomyces cerevisiae. Cell Cal-

cium. 2011; 50: 129–138.
4. Cyert MS, Philpott CC. Regulation of cation balance in Saccharomyces cere-

visiae. Genetics. 2013; 193: 677–713.
5. Yoshimoto H, Saltsman K, Gasch AP et al. Genome-wide analysis of gene ex-

pression regulated by the calcineurin/Crz1p signaling pathway in Saccharomyces
cerevisiae. J Biol Chem. 2002; 277: 31079–31088.

6. Lauer Junior CM, Bonatto D, Mielniczki-Pereira AA et al. The Pmr1 protein,
the major yeast Ca2+-ATPase in the Golgi, regulates intracellular levels of the
cadmium ion. FEMS Microbiol Lett. 2008; 285: 79–88.

7. Cui J, Kaandorp JA. Mathematical modeling of calcium homeostasis in yeast
cells. Cell Calcium. 2006; 39: 337–348.

8. Wei X, Chen P, Gao R et al. Screening and Characterization of a Non-cyp51A
Mutation in an Aspergillus fumigatus cox10 Strain Conferring Azole Resistance.
Antimicrob Agents Chemother. 2017; 61: e02101–16.

9. Cannon RD, Lamping E, Holmes AR et al. Candida albicans drug resistance
another way to cope with stress. Microbiology. 2007; 153: 3211–3217.

10. Groppi S, Belotti F, Brandao RL, Martegani E, Tisi R. Glucose-induced calcium
influx in budding yeast involves a novel calcium transport system and can activate
calcineurin. Cell Calcium. 2011; 49: 376–386.

11. Martin DC, Kim H, Mackin NA et al. New regulators of a high affinity Ca2+

influx system revealed through a genome-wide screen in yeast. J Biol Chem.
2011; 286: 10744–10754.

12. Rigamonti M, Groppi S, Belotti F et al. Hypotonic stress-induced calcium sig-
naling in Saccharomyces cerevisiae involves TRP-like transporters on the endo-
plasmic reticulum membrane. Cell Calcium. 2015; 57: 57–68.

13. Zhang S, Zheng H, Long N et al. FigA, a putative homolog of low-affinity
calcium system member Fig1 in Saccharomyces cerevisiae, is involved in growth
and asexual and sexual development in Aspergillus nidulans. Eukaryot Cell.
2014; 13: 295–303.

14. Wang S, Cao J, Liu X et al. Putative calcium channels CchA and MidA play
the important roles in conidiation, hyphal polarity and cell wall components in
Aspergillus nidulans. PloS One. 2012; 7: e46564.

15. Wang S, Liu X, Qian H, Zhang S, Lu L. Calcineurin and Calcium Channel
CchA Coordinate the Salt Stress Response by Regulating Cytoplasmic Ca2+

Homeostasis in Aspergillus nidulans. Appl Environ Microbiol. 2016; 82: 3420–
3430.

16. de Castro PA, Chiaratto J, Winkelstroter LK et al. The involvement of the
Mid1/Cch1/Yvc1 calcium channels in Aspergillus fumigatus virulence. PloS One.
2014; 9: e103957.

17. Jiang H, Liu F, Zhang S, Lu L. Putative PmrA and PmcA are important for
normal growth, morphogenesis and cell wall integrity, but not for viability in
Aspergillus nidulans. Microbiology. 2014; 160: 2387–2395.

18. Zhang Y, Zheng Q, Sun C et al. Palmitoylation of the Cysteine Residue in
the DHHC Motif of a Palmitoyl Transferase Mediates Ca2+ Homeostasis in
Aspergillus. PLoS Genet. 2016; 12: e1005977.

19. Zhang S, Zheng H, Chen Q et al. The Lectin Chaperone Calnexin Is Involved in
the Endoplasmic Reticulum Stress Response by Regulating Ca2+ Homeostasis in
Aspergillus nidulans. Appl Environ Microbiol. 2017; 83: e00673–17.

20. Song J, Liu X, Zhai P, Huang J, Lu L. A putative mitochondrial calcium uni-
porter in A. fumigatus contributes to mitochondrial Ca2+ homeostasis and stress
responses. Fungal Genet Biol. 2016; 94: 15–22.

21. De Stefani D, Patron M, Rizzuto R. Structure and function of the mitochondrial
calcium uniporter complex. Biochim Biophys Acta. 2015; 1853: 2006–2011.

22. Pendin D, Greotti E, Pozzan T. The elusive importance of being a mitochondrial
Ca2+ uniporter. Cell Calcium. 2014; 55: 139–145.

23. Liu S, Hou Y, Liu W, Lu C, Wang W, Sun S. Components of the calcium-
calcineurin signaling pathway in fungal cells and their potential as antifungal
targets. Eukaryot Cell. 2015; 14: 324–334.

24. Pittman JK, Cheng NH, Shigaki T, Kunta M, Hirschi KD. Functional dependence
on calcineurin by variants of the Saccharomyces cerevisiae vacuolar Ca2+/H+

exchanger Vcx1p. Mol Microbiol. 2004; 54: 1104–1116.
25. Forster C, Kane PM. Cytosolic Ca2+ homeostasis is a constitutive function of

the V-ATPase in Saccharomyces cerevisiae. J Biol Chem. 2000; 275: 38245–
38253.

26. D’Hooge P, Coun C, Van Eyck V et al. Ca2+ homeostasis in the budding yeast
Saccharomyces cerevisiae: Impact of ER/Golgi Ca2+ storage. Cell Calcium. 2015;
58: 226–235.

27. Squizani ED, Oliveira NK, Reuwsaat JCV et al. Cryptococcal dissemination to
the central nervous system requires the vacuolar calcium transporter Pmc1. Cell
Microbiol. 2018; 20: e12803.

28. Kmetzsch L, Staats CC, Cupertino JB et al. The calcium transporter Pmc1 pro-
vides Ca2+ tolerance and influences the progression of murine cryptococcal in-
fection. FEBS J. 2013; 280: 4853–4864.

29. Dinamarco TM, Freitas FZ, Almeida RS et al. Functional characterization of
an Aspergillus fumigatus calcium transporter (PmcA) that is essential for fungal
infection. PloS One. 2012; 7: e37591.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

m
y/article-abstract/57/Supplem

ent_2/S233/5366891 by U
niversity of Liverpool user on 02 M

arch 2019



S238 Medical Mycology, 2019, Vol. 57, No. S2

30. Bouillet LE, Cardoso AS, Perovano E et al. The involvement of calcium carriers
and of the vacuole in the glucose-induced calcium signaling and activation of the
plasma membrane H+-ATPase in Saccharomyces cerevisiae cells. Cell Calcium.
2012; 51: 72–81.

31. Chang Y, Schlenstedt G, Flockerzi V, Beck A. Properties of the intracellular
transient receptor potential (TRP) channel in yeast, Yvc1. FEBS Lett. 2010; 584:
2028–2032.

32. Steinbach WJ, Singh N, Miller JL et al. In vitro interactions between antifungals
and immunosuppressants against Aspergillus fumigatus isolates from transplant
and nontransplant patients. Antimicrob Agents Chemother. 2004; 48: 4922–
4925.

33. Shapiro RS, Robbins N, Cowen LE. Regulatory circuitry governing fungal
development, drug resistance, and disease. Microbiol Rev. 2011; 75: 213–
267.

34. Perlin DS, Shor E, Zhao Y. Update on Antifungal Drug Resistance. Curr Clin
Microbiol Rep. 2015; 2: 84–95.

35. Wei X, Zhang Y, Lu L. The molecular mechanism of azole resistance in As-
pergillus fumigatus: from bedside to bench and back. J Microbiol. 2015; 53:
91–99.

36. Juvvadi PR, Lamoth F, Steinbach WJ. Calcineurin as a multifunctional regula-
tor: unraveling novel functions in fungal stress responses, hyphal growth, drug
resistance, and pathogenesis. Fungal Biol Rev. 2014; 28: 56–69.

37. Butts A, Koselny K, Chabrier-Rosello Y et al. Estrogen receptor antagonists are
anti-cryptococcal agents that directly bind EF hand proteins and synergize with
fluconazole in vivo. MBio. 2014; 5: e00765–00713.

38. Cowen LE, Steinbach WJ. Stress, drugs, and evolution: the role of cellular sig-
naling in fungal drug resistance. Eukaryot Cell. 2008; 7: 747–764.

39. Binder U, Bencina M, Eigentler A, Meyer V, Marx F. The Aspergillus gigan-
teus antifungal protein AFPNN5353 activates the cell wall integrity pathway and
perturbs calcium homeostasis. BMC Microbiol. 2011; 11: 209.

40. Binder U, Chu M, Read ND, Marx F. The antifungal activity of the Penicillium
chrysogenum protein PAF disrupts calcium homeostasis in Neurospora crassa.
Eukaryot Cell. 2010; 9: 1374–1382.

41. Liu S, Yue L, Gu W, Li X, Zhang L, Sun S. Synergistic e of f and calcium channel
blockers against resistant Candida albicans. PloS One. 2016; 11: e0150859.

42. Teng J, Goto R, Iida K, Kojima I, Iida H. Ion-channel blocker sensitivity of
voltage-gated calcium-channel homologue Cch1 in Saccharomyces cerevisiae.
Microbiology. 2008; 154: 3775–3781.

43. Edlind T, Smith L, Henry K, Katiyar S, Nickels J. Antifungal activity in Saccha-
romyces cerevisiae is modulated by calcium signalling. Mol Microbiol. 2002; 46:
257–268.

44. Liu FF, Pu L, Zheng QQ et al. Calcium signaling mediates antifungal activity of
triazole drugs in the Aspergilli. Fungal Genet Biol. 2015; 81: 182–190.

45. Ruhil S, Kumar V, Balhara M et al. In vitro evaluation of combination of polyenes
with EDTA against Aspergillus spp. by different methods (FICI and CI Model).
J Appl Microbiol. 2014; 117: 643–653.

46. Raad II, Hachem RY, Hanna HA et al. Role of ethylene diamine tetra-acetic
acid (EDTA) in catheter lock solutions: EDTA enhances the antifungal activity
of amphotericin B lipid complex against Candida embedded in biofilm. Int J
Antimicrob Agents. 2008; 32: 515–518.

47. Cruz MC, Goldstein AL, Blankenship JR et al. Calcineurin is essential for survival
during membrane stress in Candida albicans. EMBO J. 2002; 21: 546–559.

48. Ries LNA, Rocha MC, de Castro PA et al. The Aspergillus fumigatus CrzA Tran-
scription Factor Activates Chitin Synthase Gene Expression during the Caspo-
fungin Paradoxical Effect. MBio. 2017; 8: e00705–17.

49. Juvvadi PR, Moseley MA, Hughes CJ et al. Scanning quadrupole data-
independent acquisition, part B: application to the analysis of the calcineurin-
interacting proteins during treatment of Aspergillus fumigatus with azole and
echinocandin antifungal drugs. J Proteome Res. 2018; 17: 780–793.

50. Yu Q, Ding X, Xu N et al. In vitro activity of verapamil alone and in combi-
nation with fluconazole or tunicamycin against Candida albicans biofilms. Int J
Antimicrob Agents. 2013; 41: 179–182.

51. Kaur R, Castano I, Cormack BP. Functional genomic analysis of fluconazole
susceptibility in the pathogenic yeast Candida glabrata: roles of calcium sig-
naling and mitochondria. Antimicrob Agents Chemother. 2004; 48: 1600–
1613.

52. Kellermayer R, Aiello DP, Miseta A, Bedwell DM. Extracellular Ca2+ sens-
ing contributes to excess Ca2+ accumulation and vacuolar fragmentation in a
pmr1Delta mutant of S. cerevisiae. J Cell Sci. 2003; 116: 1637–1646.

53. Stathopoulos-Gerontides A, Guo JJ, Cyert MS. Yeast calcineurin regulates nu-
clear localization of the Crz1p transcription factor through dephosphorylation.
Genes Dev. 1999; 13: 798–803.

54. Chow EW, Clancey SA, Billmyre RB et al. Elucidation of the calcineurin-Crz1
stress response transcriptional network in the human fungal pathogen Crypto-
coccus neoformans. PLoS Genet. 2017; 13: e1006667.

55. Juvvadi PR, Lee SC, Heitman J, Steinbach WJ. Calcineurin in fungal virulence
and drug resistance: prospects for harnessing targeted inhibition of calcineurin
for an antifungal therapeutic approach. Virulence. 2017; 8: 186–197.

56. Almeida RS, Loss O, Colabardini AC et al. Genetic bypass of Aspergillus nidu-
lans crzA function in calcium homeostasis. G3 (Bethesda). 2013; 3: 1129–
1141.

57. Juvvadi PR, Steinbach WJ. Calcineurin orchestrates hyphal growth, septation,
drug resistance and pathogenesis of Aspergillus fumigatus: where do we go from
here? Pathogens. 2015; 4: 883–893.

58. Marr KA, Carter RA, Crippa F, Wald A, Corey L. Epidemiology and outcome
of mould infections in hematopoietic stem cell transplant recipients. Clin Infect
Dis. 2002; 34: 909–917.

59. Richardson MD. Changing patterns and trends in systemic fungal infections. J
Antimicrob Chemother. 2005; 56: i5–i11.

60. Richardson M, Lass-Florl C. Changing epidemiology of systemic fungal infec-
tions. Clin Microbiol Infect. 2008; 14: 5–24.

61. Bastidas RJ, Shertz CA, Lee SC, Heitman J, Cardenas ME. Rapamycin ex-
erts antifungal activity in vitro and in vivo against Mucor circinelloides
via FKBP12-dependent inhibition of Tor. Eukaryot Cell. 2012; 11: 270–
281.

62. Pozzebon Venturini T, Rossato L, Chassot F et al. In vitro synergistic combina-
tions of pentamidine, polymyxin B, tigecycline and tobramycin with antifungal
agents against Fusarium spp. J Med Microbiol. 2016; 65: 770–774.

63. Thakur M, Revankar SG. In vitro interaction of caspofungin and immunosup-
pressives against agents of mucormycosis. J Antimicrob Chemother. 2011; 66:
2312–2314.

64. Venturini TP, Rossato L, Spader TB et al. In vitro synergisms obtained by am-
photericin B and voriconazole associated with non-antifungal agents against
Fusarium spp. Diagn Microbiol Infect Dis. 2011; 71: 126–130.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

m
y/article-abstract/57/Supplem

ent_2/S233/5366891 by U
niversity of Liverpool user on 02 M

arch 2019


