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Introduction: Extrusion of azoles from the cell, mediated by an efflux pump

Cdr1, is one of the most frequently used strategies for developing azole

resistance in pathogenic fungi. The efflux pump Cdr1 is predominantly

localized in lipid rafts within the plasma membrane, and its localization is

sensitive to changes in the composition of lipid rafts. Our previous study

found that the calcineurin signal pathway is important in transferring

sphingolipids from the inner to the outer membrane.

Methods: We investigated multiple factors that enhance the antifungal activity

of fluconazole (FLC) using minimum inhibitory concentration (MIC) assays and

disk diffusion assays. We studied the mechanism of action of myriocin through

qRT-PCR analysis and confocal microscopy analysis. We tested whether

myriocin enhanced the antifungal activity of FLC and held therapeutic

potential using a mouse infection model.

Results: We found that this signal pathway has no function in the activity of Cdr1.

We found that inhibiting sphingolipid biosynthesis by myriocin remarkably

increased the antifungal activity of FLC with a broad antifungal spectrum and

held therapeutic potential. We further found that myriocin potently enhances the

antifungal activity of FLC against C. albicans by blocking membrane localization of

the Cdr1 rather than repressing the expression of Cdr1. In addition, we found that

myriocin enhanced the antifungal activity of FLC and held therapeutic potential.

Discussion:Our study demonstrated that blocking the membrane location and

inactivating Cdr1 by inhibiting sphingolipids biogenesis is beneficial for

enhancing the antifungal activity of azoles against azole-resistant C. albicans

due to Cdr1 activation.
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Introduction

Fluconazole (FLC), as a represent azole, is wildly used to treat

invasive fungal infections due to its broad antifungal spectrum,

good safety profile, and multiple administration routes (Lu et al.,

2021). However, FLC is a fungistatic agent that cannot kill

pathogenic fungi; fungi easily acquire azole resistance (Perlin

et al., 2017). Extrusion of FLC from the cell, mediated by an efflux

pump Cdr1, is one of the most frequently used strategies for

developing FLC resistance in pathogenic fungi (Kim et al., 2019;

Teo et al., 2019; Borgeat et al., 2021). Therefore, pharmacological

inactivation of Cdr1 through suppressing the expression of Cdr1,

blocking membrane localization of Cdr1, and inhibiting the

combination of Cdr1 and antifungal agents, is beneficial to

overcoming fungal FLC resistance (Monk and Goffeau, 2008).

However, few compounds enhance the antifungal activity of FLC

by inactivating Cdr1.

The activation of Cdr1 depends on the expression level of

Cdr1, which is regulated by the Tac1 transcriptional regulator

(Liu and Myers, 2017), and the membrane location of Cdr1,

which is predominantly localized in lipid rafts within the plasma

membrane (Pasrija et al., 2008). The activity and localization of

Cdr1 are sensitive to changes in the composition of sphingolipids

and ergosterol of lipid rafts (Pasrija et al., 2008). Our previous

study showed that the calcineurin signaling pathway plays an

important role in sphingolipid transport from the inner to the

outer membrane. Still, it is unclear whether the influence on

sphingolipid membrane transport can affect the integrity of lipid

rafts and thus affect the membrane location and activity of Cdr1.

Other factors that may affect the location and activity of the

Cdr1 membrane also need further study.

In this study, we found that the calcineurin signaling pathway

has no function in the activity of Cdr1. We further investigated

multiple factors that enhance the antifungal activity of FLC. We

found that inhibiting sphingolipid biosynthesis by myriocin

remarkably increased the antifungal activity of FLC with a

broad antifungal spectrum and held therapeutic potential. We

further found that myriocin could enhance the antifungal activity

of FLC by blocking membrane localization of Cdr1 rather than

inhibiting the expression level of Cdr1. Our findings will help get

specific small molecule inhibitors of Cdr1 and open the way for

developing new antifungal therapeutics targeted at inhibiting the

activity of Cdr1.

Results

Calcineurin has no function on the
activation of Cdr1

The Cdr1 is predominantly localized in lipid rafts, composed

of sphingolipids and ergosterol (Hurst and Fratti, 2020). The

calcineurin signal pathway transfers sphingolipids from the inner

to the outer membrane (Jia et al., 2009). Therefore, we

hypothesize that the calcineurin pathway may regulate the

membrane localization and the activity of Cdr1 by affecting

the transfer of sphingolipids and the composition of lipid

rafts. To test this hypothesis, we successfully constructed null

mutants of calcineurin signal pathway genes generating cmp1Δ/
cmp1Δ, crz1Δ/crz1Δ, and rta2Δ/rta2Δ null mutants

(Supplementary Figure S1A). We also constructed the

homogenesis gene deletion of the CDR1 gene null mutant

(cdr1Δ/cdr1Δ) (Supplementary Figure S1A). We found that

loss of the Cdr1 led to increased susceptibility of C. albicans

to fluconazole (FLC). Compared to the wild-type strain, the

minimum inhibitory concentration (MIC) value of FLC

decreased from 1 to 0.5 μg/ml, but the cdr1Δ/cdr1Δ null

mutant could still grow in the presence of FLC (Figure 1A).

However, contrary to the cdr1Δ/cdr1Δ, the cmp1Δ/cmp1Δmutant

is inviable in the presence of FLC, rather than decreased FLC

MIC value (Figure 1A). Losses of the Crz1 and Rta2 do not affect

the susceptibility to FLC in C. albicans because that crz1Δ/crz1Δ
and rta2Δ/rta2Δ null mutants and wild-type strain SN152 have

the same value of FLC (1 μg/ml) and trailing growth in the

presence of FLC (Figure 1A). Due to the tolerance of C. albicans

to FLC, disk diffusion assays showed noticeable growth of cells in

the zone of inhibition of 25 μg FLC on YPD plates incubated at

30°C for 48 h for SN152, crz1Δ/crz1Δ null mutant, and rta2Δ/
rta2Δ null mutant (Figure 1B) (Rosenberg et al., 2018). It is worth

noting that the zones of inhibition for 25 μg FLC treatments were

clear on YPD plates for cmp1Δ/cmp1Δ rather than for the cdr1Δ/
cdr1Δ null mutant (Figure 1B). The discrepant phenotypes

between the cdr1Δ/cdr1Δ and cmp1Δ/cmp1Δ, crz1Δ/crz1Δ, and
rta2Δ/rta2Δ null mutants in susceptibility to FLC suggested that

the calcineurin signal pathway has no function in the activation

of Cdr1. To confirm this founding, we then created ectopic over-

expression constructs of the CDR1 gene in null mutants (cmp1Δ/
cmp1Δ, crz1Δ/crz1Δ, and rta2Δ/rta2Δ) and wild-type strain

(SN152) by expressing the CDR1 gene using the potent ADH1

promoter (Chang et al., 2018). We used PCR to verify the

insertion position of the ADH1 promoter in these mutants

(Supplementary Figure S1B) and qRT-PCR to confirm the

expression level of the CDR1 gene (Supplementary Figure

S1C). We found that over-expression of the CDR1 gene can

enhance the resistance of C. albicans to FLC in all null mutants

and the wild-type strain because the MIC values of FLC increased

from 1 to 2 μg/ml (Figure 1A). Further, we found that

cyclosporin A, an inhibitor of a catalytic subunit of

calcineurin (Sanglard et al., 2003), did not affect the increase

of the MIC value of FLC caused by over-expression of the CDR1

gene (Figure 1C) (Marchetti et al., 2003). Similarly, we induced

over-expression of the CDR1 gene by 10 μg/ml fluphenazine

(FNZ) (Liu and Myers, 2017). We found that FNZ can

increase the MIC value of FLC from 1 to 4 μg/ml against both

the wild-type strain and the cmp1Δ/cmp1Δ null mutant

(Figure 1D), suggesting that the impaired calcineurin signal
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FIGURE 1
The impaired calcineurin signal pathway did not affect the function of Cdr1. (A) The sensitivities of C. albicans wild-type strain (SN152) and
mutants (PADH1-CDR1, cmp1Δ/cmp1Δ, cmp1Δ/cmp1Δ:: PADH1-CDR1, crz1Δ/crz1Δ, crz1Δ/crz1Δ:: PADH1-CDR1, rta2Δ/rta2Δ, rta2Δ/rta2Δ:: PADH1-CDR1,
cdr1Δ/cdr1Δ) to FLC were tested by the broth microdilution assays in a YPD medium incubated at 30°C for 48 h (Left). Cells from the broth
microdilution assays were spotted onto YPD medium and incubated at 30°C for 48 h before the plate was photographed (Right). (B) Disk
diffusion assays showed that the loss of theCMP1 gene, but not theCDR1 gene, cleared the inhibition zones of 25 μg FLC. In brief, cells (2 × 105 cells)

(Continued )
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pathway cannot affect the function of Cdr1. Finally, in the

presence of cyclosporin A (1 μg/mL), FNZ (10 μg/ml) can

increase the MIC value of FLC against C. albicans (from 1 to

4 μg/ml) (Figure 1E); In the presence of FNZ (10 μg/ml),

cyclosporine A (1 μg/ml) can still eliminate the FLC tolerance

of C. albicans (Figure 1E). In summary, the calcineurin signal

pathway functions in the transfer of sphingolipids from the inner

to the outer membrane (Jia et al., 2009) and may affect the

composition of lipid rafts but have no role in the activity of Cdr1.

Myriocin enhanced the antifungal activity
of FLC by inactivation of the Cdr1

The activation of Cdr1 plays an important role in the azole

resistance in pathogenic fungi. Therefore, the inactivation of

Cdr1 will enhance the antifungal activity of azoles against fungal

infection. It is reported that ergosterol and sphingolipid contents

can affect the membrane localization of Cdr1 (Pasrija et al.,

2008). Therefore, we investigated the inactivation of FNZ-

FIGURE 1 (Continued)
were spread onto YPD plates. A single 25 μg FLC disk (6 mm, Liofilchem, Italy) was placed in the center of each plate. Plates were then incubated
at 30 C for 48 h before plates were photographed. (C) The MIC values of FLC of the SN152 strain and the PADH1-CDR1 mutant in a YPD medium
without or with 1 μg/ml cyclosporin Awere tested by the brothmicrodilution assays (at 30°C for 48 h) (Left). Cells from the brothmicrodilution assays
were spotted onto YPD medium and incubated at 30°C for 48 h before the plate was photographed (Right). (D) The MIC values of FLC of the
SN152 strain and the cmp1Δ/cmp1Δ null mutant in a YPD medium without or with 10 μg/ml fluphenazine (FNZ) were tested by the broth
microdilution assays (at 30°C for 48 h) (Left). Cells from the broth microdilution assays were spotted onto YPD medium and incubated at 30°C for
48 h before the plate was photographed (Right). (E) TheMIC values of FLC of the SN152 strain in a YPDmediumwith 1 μg/ml cyclosporin A, 10 μg/ml
FNZ, 1 μg/ml cyclosporin A+10 μg/ml FNZ or without any compound (control) were tested by the brothmicrodilution assays (at 30°C for 48 h) (Left).
Cells from the brothmicrodilution assays were spotted onto YPDmedium and incubated at 30°C for 48 h before the plate was photographed (Right).

FIGURE 2
The synergistic antifungal activity of FLC and some compounds. Dose-matrix titration assays showed that some compounds (concentration
range from 0.25 to 16 μg/ml) enhanced the antifungal activity of FLC in the presence of FNZ (10 μg/ml) (The MIC values of FLC reduced from 4 to
1 μg/ml or lower).
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induced over-expression of the CDR1 gene by sphingolipid

biosynthesis inhibitors (myriocin and rapamycin) (He et al.,

2004; Teixeira and Costa, 2016) and ergosterol biosynthesis

inhibitors (cerulenin and terbinafine) (Nomura et al., 1972;

Ryder, 1992). Previous studies demonstrated that

geldanamycin [an inhibitor of heat shock protein 90 (Hsp90)]

(Rosenberg et al., 2018), brefeldin A (a Golgi stress inducer) (Epp

et al., 2010), tunicamycin (an endoplasmic reticulum stress

inducer) (Sellam et al., 2009), staurosporine (a protein kinase

C (PKC) inhibitor) (LaFayette et al., 2010), menadione (an

FIGURE 3
Myriocin can significantly reduce theMIC values of FLC against (A) C. albicans isolates (n = 38) (**p = 0.0017, the FNZ (10 μg/ml) +myriocin (0.5
μg/ml) treated group compared to the FNZ (10 μg/ml) group, t-Test) and (B) C. auris isolates (n = 5) (*p = 0.036, the FNZ (10 μg/ml) + myriocin (0.5
μg/ml) treated group compared to the FNZ (10 μg/ml) group, t-Test).

FIGURE 4
Confocal micrographs of cell membrane staining (Pma1-YFP) and membrane localization of Cdr1-GFP in the Cdr1-GFP:: Pma1-YFP mutant
after treatment with or without 2 μg/mL myriocin for 16 h in YPD medium. DIC, differential interference contrast; YFP, yellow fluorescent protein;
GFP, green fluorescent protein. Scale bar = 1 μm.
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oxidative stress inducer) (Sa et al., 2017), and tamoxifen (a

calmodulin inhibitor) (Dolan et al., 2009), can enhance the

antifungal activity of FLC. Still, it is unclear whether these

compounds can affect the activity of Cdr1. In this study, we

used 10 μg/ml FNZ to increase the MIC value of FLC from 1 to

4 μg/ml (Liu andMyers, 2017) and then examined which of these

compounds could significantly reduce the MIC value of FLC

against C. albicans in the presence of FNZ.

As discussed above, pharmacological compromise of the

calcineurin pathway by cyclosporine A (16 μg/ml) did not change

the MIC of FLC in the presence of FNZ (Figure 2, Supplementary

Figure S2A). Tacrolimus binds to an FK506-binding protein

(FKBP12) and inhibits calcineurin, and targets of rapamycin

complex 1 (TORC1), which is important for ribosome

biosynthesis (Azzi et al., 2013; Kasahara, 2021). Therefore, a high

concentration of tacrolimus (16 μg/ml) inhibited both calcineurin

and TORC1 and decreased the MIC value (from 4 to 1 μg/ml) of

FLC in the presence of FNZ (Figure 2, Supplementary Figure S2B).

Tamoxifen targets calmodulin (Dolan et al., 2009), then blocks the

calcineurin pathway and inhibits NADPH-cytochrome

P450 reductase Ccr1 (Liu et al., 2020) and ergosterol biosynthesis

in fission yeast. Therefore, tamoxifen could improve the antifungal

activity of FLC at a high concentration (16 μg/ml) (Figure 2,

Supplementary Figure S2C) due to inhibiting ergosterol

biosynthesis and then inactivation Cdr1 (Pasrija et al., 2008).

Blocking the PKC pathway could enhance the antifungal activity

of FLC and even make FLC fungicidal (LaFayette et al., 2010). We

found that staurosporine (1 μg/ml) could decrease the MIC value of

FLC from 4 to 2 μg/ml in the presence of FNZ (Figure 2,

Supplementary Figure S2D), suggesting that the PKC pathway

contributes to the activity of Cdr1. Hsp90 is an important

molecular chaperone that regulates fungal drug resistance via

physically interacts with the catalytic subunit of calcineurin and

Mkc1 and maintains their stable conformations (Cowen, 2009;

Singh et al., 2009; LaFayette et al., 2010). Indeed, geldanamycin

made FLC act as fungicidal against C. albicans (Cowen and

Lindquist, 2005; Rosenberg et al., 2018). However, in this study,

we found that geldanamycin (16 μg/ml) did not decrease the MIC

value of FLC in the presence of FNZ (Figure 2, Supplementary

Figure S2E), suggesting that geldanamycin enhances the antifungal

activity of FLC do not depend on inactivation of Cdr1. Membrane

trafficking is important in maintaining cell membrane function and

fungal drug resistance. Brefeldin A could inhibit the ADP

ribosylation factor cycling, disrupt the membrane trafficking, and

make FLC fungicidal against C. albicans (Epp et al., 2010). In the

present study, we found that brefeldin A at a high concentration

(16 μg/ml) could remarkably decrease the MIC value of FLC from

4 to 0.25 μg/ml (Figure 2 Supplementary Figure S2F), suggesting that

the membrane trafficking process plays a vital role in the activity of

Cdr1. It is reported that tunicamycin, as an endoplasmic reticulum

stress inducer, had a synergistic antifungal activity with FLC against

C. albicans (Sellam et al., 2009; Yu et al., 2013); however, which is not

achieved through the inhibition of Cdr1 activity by tunicamycin

(Figure 2 Supplementary Figure S2G). Oxidative stress could

increase C. albicans’ susceptivity to FLC (Xu et al., 2009).

However, in the presence of FNZ, menadione (8 μg/ml), as an

oxidative stress inducer, antagonizes the antifungal activity of FLC

(the MIC value of FLC increased from 4 to 8 μg/ml) (Figure 2,

Supplementary Figure S2H). Intracellular ergosterol is important for

membrane localization and the activity of Cdr1 (Pasrija et al., 2008).

We found that terbinafine (an inhibitor of Erg1) (Ryder, 1992) could

decrease the MIC value of FLC in the presence of FNZ (Figure 2,

Supplementary Figure S2I), but cerulenin (an inhibitor of 3-

hydroxy-3-methylglutaryl coenzyme A) (Nomura et al., 1972)

could not (Figure 2, Supplementary Figure S2J). In addition,

sphingolipids also play an important role in C. albicans’

FIGURE 5
Myriocin enhances the antifungal activity againstC. albicans in vivo. (A) Kidney CFU assay in mice with systemic candidiasis after treatment with
PBS, FLC (1 mg/kg), FLC (1 mg/kg) +myriocin (0.25 mg/kg), FLC (1 mg/kg) +myriocin (0.5 mg/kg), and FLC (1 mg/kg) +myriocin (1 mg/kg) for 3 days.
(B) Survival curves of C57BL/6 mice infected by SN152 and treated with FLC (1 mg/kg) or FLC (1 mg/kg) + myriocin (0.25 mg/kg) for 3 days, *p =
0.0137 (Log-rank test).
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resistance to FLC (Gao et al., 2018). However, rapamycin, as an

inhibitor of the target of rapamycin (TOR) signal pathway and able

to inhibit sphingolipid synthesis (Teixeira and Costa, 2016), did not

enhance the antifungal activity of FLC in the presence of FNZ

(Figure 2, Supplementary Figure S2K). Notably, myriocin, which is

an inhibitor of serine-palmitoyl-transferase that is essential for

sphingolipid synthesis (He et al., 2004), at a concentration as low

as 0.5 μg/ml could significantly reduce the MIC value of FLC from

4 to 1 μg/ml in the presence of FNZ (Figure 2, Supplementary Figure

S2L). To sum up,myriocin is themost potential adjuvant to enhance

the antifungal activity of FLC.

To examine whether the inhibitory effect of myriocin on the

activity of the Cdr1 enhancing the antifungal activity of FLC is

conserved across other C. albicans strains and pathogenic

Candida species, we tested the antifungal activity of FLC plus

0.5 μg/ml myriocin combinations compared to FLC alone in the

presence of 10 μg/ml FNZ in clinical isolates of C. albicans (n =

38), C. auris (n = 5) C. glabrata (n = 13), C. krusei (n = 9), C.

parapsilosis (n = 43), and C. tropicalis (n = 12). Myriocin

significantly reduced the MIC value of FLC against C. albicans

and C. auris strains (Figure 3). However, myriocin did not

enhance the antifungal activity of FLC against C. glabrata, C.

krusei, C. parapsilosis, and C. tropicalis (Supplementary

Figure S3).

Myriocin inactivated the Cdr1 via blocking
membrane localization of Cdr1

We speculated that myriocin might inactivate Cdr1 by

inhibiting the expression or membrane localization of Cdr1.

We tested the expression level of the CDR1 gene by

quantitative real-time PCR (qRT-PCR) analysis. Compared

with FNZ treated (10 μg/ml) or untreated C. albicans cells,

myriocin (0.5 μg/ml) treated C. albicans cells had significantly

higher expression of the CDR1 gene (Supplementary Figure S4).

The qRT-PCR analysis demonstrated that myriocin induces the

expression of the CDR1 gene rather than suppresses its

expression, suggesting that myriocin inactivated Cdr1 by

blocking membrane localization of Cdr1 and consequently

compensatively causing the expression of the CDR1 gene. To

verify this hypothesis, we tagged the C-termini of Cdr1 with a

GFP tag (Chang et al., 2018) (Supplementary Figure S5A) and

Pma1 (a marker protein of lipid rafts) (Shukla et al., 2003) with a

YFP tag (Gola et al., 2003) (Supplementary Figure S5B). Without

myriocin, like Pma1, Cdr1 is located on the cell membrane.

However, in the presence of myriocin (2 μg/ml), the amount of

Cdr1 located on the membrane is reduced (Figure 4). In

summary, these results suggested that myriocin inactivated

Cdr1 and enhanced the antifungal activity of FLC by blocking

membrane localization of Cdr1 rather than suppressing the

expression of Cdr1.

Myriocin enhanced the antifungal activity
of FLC against invasive infection caused by
C. albicans

We employed a mouse candidiasis model to evaluate whether

myriocin enhances the antifungal activity against C. albicans

in vivo. Female C57BL/6 mice have been infected with C. albicans

(the wild-type SN152 strain) cells via tail vein injection. After 2 h

FIGURE 6
Kidneys from mice (n = 6 per group) were fixed and stained with periodic acid Schiff stain for histopathology. Scale bar, 100 μm/1.25 mm. The
experiment was performed in biological triplicate.
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of infection, PBS, FLC (1 mg/kg), FLC (1 mg/kg) + myriocin

(0.25 mg/kg), FLC (1 mg/kg) + myriocin (0.5 mg/kg), and FLC

(1 mg/kg) + myriocin (1 mg/kg) treatment was given

intraperitoneally. The antifungal drug treatment lasted for

3 days. After being infected for 5 days, seven mice from each

group were euthanized and enumerated forC. albicans’ burden in

kidneys. Lower kidney fungal burden was observed from the

kidneys of mice treated with FLC compared to a control group

(p = 0.0073, t-test) (Figure 5A). Of note, the fungal burden was

significantly lower after being treated with the FLC (1 mg/kg) +

myriocin (0.5 mg/kg) treated group (p = 0.0002, t-test) and FLC

(1 mg/kg) + myriocin (1 mg/kg) treated group (p = 0.0008, t-test)

in comparison with the FLC (1 mg/kg) treated group (Figure 5A).

To test whether myriocin enhanced the antifungal activity of

FLC and held therapeutic potential, we randomly divided the

mice into three groups 1) no drug-treated group (as control), 2)

1 mg/kg FLC treated group, and 3) 1 mg/kg FLC plus 0.5 mg/kg

myriocin treated group, with ten mice in each group. We found

that the mortality of the control group was 90% during the 28-

day observation, and the median survival time of the control

group was 14 days (Figure 5B). After being treated with 1 mg/kg

FLC, the mortality of infected mice decreased to 60%, and the

median survival time extended to 16 days (p-value is 0.1533 for

comparison between FLC treated group and control group. Log-

rank test) (Figure 5B). It is worth noting that myriocin

(0.5 mg/kg) enhanced the antifungal activity of FLC (1 mg/kg)

against C. albicans infection because the mortality of 1 mg/kg

FLC plus 0.5 mg/kg myriocin-treated group decreased to 10%

(Figure 5B) (p-value is 0.0002 for comparison between FLC plus

myriocin treated group and control group. p-value is 0.0137 for

comparison between FLC plus myriocin-treated and FLC-treated

groups. Log-rank test). For histopathology, the kidneys of mice

were fixed and stained with periodic acid Schiff (PAS) stain.

Compared to no drug-treated group, after FLC (1 mg/kg) or FLC

(1 mg/kg) + myriocin (0.25 mg/kg) treatment, the number of

fungal infection lesions in the kidneys of mice infected with C.

albicans decreased, but remained. In contrast, after treatment

with FLC (1 mg/kg) and myriocin (0.5 mg/kg or 1 mg/kg)

combination, the infection focuses of the fungal-infected

mouse kidney disappeared (Figure 6). In summary, these in

vivo experiments suggested that myriocin enhanced the

antifungal activity of FLC against fungal infection caused by

C. albicans.

Discussion

FLC is widely used to treat invasive fungal infections because

of its broad antifungal spectrum, well safety profile, and multiple

routes of administration. However, it is easy for fungi to obtain

FLC resistance because FLC is a fungistatic agent (Lu et al., 2021).

The activation of Cdr1 and the reduction of intracellular FLC

concentration is one of the important mechanisms of FLC

resistance in fungi (Monk and Goffeau, 2008). There are three

strategies to inactivate Cdr1: 1) inhibiting the expression of Cdr1,

2) using azole analogs to inhibit the binding of azoles to Cdr1,

and 3) blocking membrane localization of Cdr1. Indeed, loss of

Cdr1 resulted in remarkably increased susceptibility of C.

albicans to FLC, miconazole, ketoconazole, and itraconazole

(Sanglard et al., 1996; Jha et al., 2004; Xu et al., 2007; Tsao

et al., 2009; Xu et al., 2021). Similarly, the efflux pump protein

Cdr1 also plays an important role in the azole resistance of C.

glabrata (Galkina et al., 2020), C. auris (Carolus et al., 2021),

Candida lusitaniae (Borgeat et al., 2021), Fusarium

keratoplasticum (James et al., 2021). In this study, myriocin

significantly enhanced the antifungal activity of FLC by

blocking membrane localization and inactivating Cdr1.

Therefore, the inactivation of Cdr1 is an important and

promising antifungal strategy (Prasad et al., 2019).

Sphingolipids play an important role in fungal azole

resistance (Song et al., 2020). Altering sphingolipid

composition makes C. albicans gain azole resistance (Gao

et al., 2018). Our previous study found that blocking the

transfer of sphingolipids from the inner to the outer

membrane by genetic inactivation (deletion of the RTA2 gene)

increased the FLC susceptibility of C. albicans (Jia et al., 2009).

Inhibiting sphingolipid and ergosterol biosynthesis can change

the composition of lipid rafts in the plasma membrane and block

the membrane localization of Cdr1 (Pasrija et al., 2005; Prasad

et al., 2005; Pasrija et al., 2008). In C. albicans, the deletion of the

ERG11 gene led to ergosterol deficiency and a decrease in plasma

membrane fluidity (Suchodolski et al., 2019). In the erg11

Δ/erg11Δ null mutant, Cdr1 falls off the plasma membrane to

the vacuole in the early logarithmic growth phase, and there is a

positioning error (Suchodolski et al., 2019). Similarly, lactic acid

can reduce the expression of the ERG11 gene, thereby affecting

the location of Cdr1 and blocking the activity of Cdr1

(Suchodolski et al., 2021). In C. albicans, when functional

mitochondria are damaged, Cdr1 will be misplaced on the

vacuole membrane (Thomas et al., 2013), indicating that

functional mitochondria exert post-translational regulation on

the level of Cdr1, thus affecting the biological function of Cdr1.

The research on the role of Cdr1 in C. albicans shows that when

cysteine at positions 1056, 1091, 1106 and 1294 is replaced

separately, Cdr1 cannot be correctly located on the cell

membrane (Prasad et al., 2012). In this study, we found that

the calcineurin signaling pathway does not affect the activity of

Cdr1, suggesting that the process of sphingolipid transfer has

little effect on the integrity of lipid rafts and the membrane

localization of Cdr1. In this study, we used FNZ to induce the

expression of Cdr1 and increase the MIC values of FLC against

pathogenic fungi (Liu and Myers, 2017). We found that

pharmacological compromise of sphingolipid biosynthesis by

myriocin could occur in the inactivation of Cdr1. It is worth

noting that myriocin at sub-MIC could significantly enhance the

antifungal activity against clinical C. albicans isolates.
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Our present study demonstrated that inhibiting sphingolipid

biosynthesis by myriocin remarkably increased the antifungal

activity of FLC with a broad antifungal spectrum and held

therapeutic potential. The synergistic antifungal activity of

FLC and myriocin depends on the fact that myriocin blocks

membrane localization of Cdr1. Our findings will help overcome

the fungal azole resistance caused by Cdr1 activation and open

the way for developing new antifungal therapeutics targeted at

inhibiting the activity of Cdr1.

Materials and methods

Strains, primers, agents, and cultural
conditions

All strains used in this study are listed in Supplementary Table

S1. All primers used in this study are listed in Supplementary Table

S2. We routinely used a YPDmedium (1% (W/V) yeast extract, 2%

(W/V) peptone, and 2% (W/V) dextrose) to culture Candida strains

at 30 °C. To prepare the solid medium plates, we added 2% (W/V)

agar to the liquid medium. To construct mutant strains, we used a

synthetic complete dropout medium (0.67% (W/V) yeast nitrogen

base without amino acids, 2% (W/V) dextrose, 2% (W/V) agar, and

appropriate amino acid mix) to screen positive colonies. Drug stock

solutions were prepared using dimethyl sulfoxide (DMSO) (Sangon

Biotech, Shanghai, China) as a solvent for brefeldin A (6.4 mg/ml)

(MCE, Shanghai, China), cerulenin (6.4 mg/ml) (MCE, Shanghai,

China), cyclosporin A (6.4 mg/ml) (Aladdin, Shanghai, China), FLC

(6.4 mg/ml) (Aladdin, Shanghai, China), FNZ (6.4 mg/ml) (MCE,

Shanghai, China), geldanamycin (Sangon Biotech, Shanghai,

China), menadione (Aladdin, Shanghai, China), myriocin

(6.4 mg/ml) (MCE, Shanghai, China), rapamycin (6.4 mg/ml)

(MCE, Shanghai, China), staurosporine (6.4 mg/ml) (MCE,

Shanghai, China), tacrolimus (6.4 mg/ml) (Aladdin, Shanghai,

China), and terbinafine (6.4 mg/ml) (MCE, Shanghai, China).

MIC assays

MIC assays were carried out according to a modified version

of the CLSI procedure (M27, fourth edition). Briefly, 100 μl of

drugs at two-fold the final concentrations were serially diluted in

YPDmedium in 96-well culture plates and combined with 100 μl

of fungal cultures in which the fungal cell concentration was

adjusted to 1×103 cells/ml. Plates were incubated at 30°C, and

optical densities were read after 48 h with a Spectra Max

ID3 plate reader (Molecular Devices, MD, United States); the

MIC is defined as the first well with more than 50% growth

reduction in terms of OD600 values compared to the drug-free

cells. Before the 48 h OD600 readings, we carefully shook the

plates and spotted a representative aliquot of 5 μl of each well on

fresh YPD solid medium plates. Recovery plates were incubated

at 30°C for 48 h before being photographed. All assays were

performed and repeated three times.

Disk diffusion assays

We carried out disk diffusion assays according to the CLSI M44-

A2 guidelineswith slightmodifications. In short, strainswere cultured

overnight in a YPD medium at 30°C, cell density was adjusted to

1×106 cells/ml in sterile PBS, and 100 μl of cell suspension was

streaked on YPD solid medium plates. One paper disk supplemented

with 25 μg FLC (Liofilchem, Italy) was placed in the center of each

plate. The plates were then incubated for 48 h and photographed.

RNA extractions and quantitative real-time
PCR assays

C. albicans strains were grown overnight in YPD medium at

30°C with shaking. Total RNA was extracted using a YeaStar

RNA Kit (ZymoResearch, United States). Reverse transcription

of the isolated RNA samples was performed by using the

PrimeScript™ RT reagent Kit with gDNA Eraser (Takara Bio,

Japan). The cDNA abundance was relatively quantified using TB

Green® Premix DimerEraser™ (Takara Bio, Japan) in a CFX96™
Real-Time PCR Detection System (Bio-Rad, United States) with

the following strategy: 1) 95°C for 30 s; 2) 95°C for 5 s, 50°C for

30 s, and 72°C for 30 s, for 40 cycles. The relative expression level

of the CDR1 gene was normalized to that of the reference ACT1

gene, and the data were interpreted as fold changes based on the

untreated control according to the 2−ΔΔCt method and triplicate

measurements were conducted with each sample (Lu et al., 2015).

Disruption of target genes

We used a fusion PCR method to delete the two alleles of

target genes from the strain SN152 (Noble and Johnson, 2005).

Briefly, the first round of PCR reactions involved the

amplification of the flanking sequences (approximately 350-

bp) of target genes (with a genomic DNA of SN152 strain

and primers P1 and P3 or P4 and P6, in separate reactions)

and the selectable marker (HIS1 or ARG4) with a template of

plasmid pSN52 or pSN69 and primers universal primer two and

universal primer 5. We used primers P1 and P6 to amplify gene

deletion cassettes with all three first-round PCR products. We

then transformed gene deletion cassettes into the SN152 strain or

heterozygous mutant strain using Yeastmaker™ Yeast

Transformation System two kit (Clontech Laboratories,

United States) and selected on synthetic media containing the

necessary auxotrophic supplements for heterozygous or

homozygous mutant strains. The primers used for diagnosis

of target genes knockouts were, for the 5′ junctions, a primer
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UCheck plus a primer HIS1left or ARG4left; for the 3′ junctions,
a primer Dcheck plus a primer HIS1right or ARG4right.

Over-expression of the CDR1 gene

The over-expressed CDR1 gene mutant was constructed (Chang

et al., 2018). The pCPC158 backbone is amplified using F1/

R1 primers, generating a product with a 39 bp flank homology

region to the CDR1 gene. Using this PCR product as a PCR

template, the second round of PCR using F2/R2 primers generates

the ectopic expression cassette, an N-terminal tagging cassette with

78 bp homology regions to the CDR1 gene. After transformation and

integration, the constitutive ADH1 promoter located upstream of the

CDR1 gene increased the expression of the CDR1 gene. Verification

primers VP42 and VP43 were used for diagnostic PCR.

C-terminal of proteins tagging GFP
and YFP

To tag the C-terminal of Cdr1 using GFP, we adopted a PCR

strategy to amplify the desired DNA cassettes in a plasmid pCPC64

(Chang et al., 2018). For the first round of PCR using F1/R1 primers,

a product with 39 bp homology regions is generated. Using this

product as a PCR template directly, the second round of PCR using

F2/R2 primers yieldsDNA cassettes with 78 bp homology regions to

the CDR1 gene. This product could be transformed into C. albicans

cells to generate a mutant with the C-terminal tagged Cdr1 with

GFP. We used primers Cdr1CUpCheck plus VP8 to check the 5′
integration and VP19 plus Cdr1CDnCheck for the 3′ integration.
We further tagged the C-terminal of Pma1 with YFP in the Cdr1-

GFP mutant using a pFA-YFP-ARG4 plasmid as described

previously (Gola et al., 2003). Diagnostic PCR used primers

Pma1Upcheck plus A2 and A3 plus Pma1Dncheck to confirm

the C-terminal of Pma1 tagged with YFP mutant.

Confocal microscopy analysis

The effect of myriocin on themembrane localization of Cdr1 was

determined by a confocal laser scanning microscopy (Stellarissted,

Leica, Germany) in the Cdr1-GFP::Pma1-YFP mutant. C. albicans

cells were cultured at 30°C and treated without or with 2 μg/ml

myriocin for 16 h. The fluorescence of GFPwas excited by the laser of

488 nm with an emission of 500–560 nm, and the fluorescence of

YFP was excited by the laser of 510 nm with an emission of 527 nm.

Mouse infection model

Groups of C57BL/6 female mice (6–8 weeks) were inoculated

via lateral tail vein with 100 μl PBS containing 1 × 105 C. albicans

cells. FLC (1 mg/kg) and myriocin (0.5 mg/kg) were

administered to the infected mice once a day intraperitoneally

for 3 days, starting 2 h after the injection with C. albicans. Mice

were monitored daily for survival for 28 days. Kaplan-Meier

–analyses were used to indicate the survival probabilities, and

Log-rank testing was used to evaluate the significance of survival

curves. The mice were sacrificed 2 days after the last

administration; the left kidney of each mouse was taken and

homogenized in sterile PBS, diluted and coated on the YPD solid

medium plates, and incubated at 30°C for 48 h before counting

colonies; The right kidney of the animal was taken for

histopathology by periodic acid-Schiff (PAS) staining to

visualize the fungal burden. The Tongji University Animal

Care Committee approved all experimental procedures

involving animals (No.: TJAA00322102).
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SUPPLEMENTARY FIGURE S1
Deletions of target genes (the CMP1, CRZ1, RTA2, CDR1 genes) were
diagnosed by PCR, for the 5′ junctions, a primer UCheck plus a
primer HIS1left or ARG4left; (A) for the 3′ junctions, a primer Dcheck
plus a primer HIS1right or ARG4right. (B) PADH1-CDR1, cmp1Δ/
cmp1Δ:: PADH1-CDR1, crz1Δ/crz1Δ: PADH1-CDR1, and rta2Δ/
rta2Δ:: PADH1-CDR1 mutants ectopic over-expression the
CDR1 gene were checked by the primers Cdr1NUpcheck plus
VP42 and the primers VP43 plus Cdr1NDncheck. (C) We determined
the expression of the CDR1 gene in the wild-type strain (SN152) and
mutants using qRT-PCR.

SUPPLEMENTARY FIGURE S2
Dose-matrix titration assays (incubated in a YPDmedium at 30℃ for 48 h)
were used to evaluate the synergistic antifungal activity of FLC and
antifungal agents, (A) including cyclosporine A, (B) tacrolimus, (C)
Tamoxifen, (D) staurosporine, (E) geldanamycin, (F) brefeldin A, (G)
tunicamycin, (H)menadione, (I) terbinafine, (J) cerulenin, (K) rapamycin,
(L) myriocin.

SUPPLEMENTARY FIGURE S3
Myriocin did not enhance the antifungal activity of FLC againstC. glabrata
(n= 13),C. krusei (n= 9),C. parapsilosis (n= 43), andC. tropicalis (n= 12).

SUPPLEMENTARY FIGURE S4
The qRT-PCR analysis demonstrated that myriocin (0.5 μg/mL) induced
the expression of the CDR1 gene.

SUPPLEMENTARY FIGURE S5
(A) The C-termini of Cdr1 with a GFP tag mutant was checked by PCR
using the Cdr1CUpCheck plus VP8 and the primers VP19 plus
Cdr1CDnCheck. (B) The C-termini of Pma1 with a YFP tag mutant was
diagnosed by PCR using the primers Pma1UpCheck plus A2 and the
primers A3 plus Pma1DnCheck.
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