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Candida albicans is an opportunistic pathogen, typically found as a benign commensal yeast living
on skin and mucosa, but poised to invade injured tissue to cause local infections. In debilitated
and immunocompromised individuals, C. albicans may spread to cause life-threatening systemic
. infections. Upon contact with serum and at body temperature, C. albicans performs a regulated switch
. tofilamentous morphology, characterized by emergence of a germ tube from the yeast cell followed
by mold-like growth of branching hyphae. The ability to switch between growth morphologies is an
. important virulence factor of C. albicans. To identify compounds able to inhibit hyphal morphogenesis,
. we screened libraries of existing drugs for inhibition of the hyphal switch under stringent conditions.
. Several compounds that specifically inhibited hyphal morphogenesis were identified. Chemogenomic
analysis suggested an interaction with the endocytic pathway, which was confirmed by direct
 measurement of fluid-phase endocytosis in the presence of these compounds. These results suggest
: thatthe activity of the endocytic pathway, which is known to be particularly important for hyphal
. growth, represents an effective target for hyphae-inhibiting drugs.

Candida albicans is a commensal organism of the gastrointestinal tract which can cause superficial mucosal
. membrane infections in immunocompetent and immunocompromised individuals, as well as life-threatening,

systemic infection in immunocompromised or debilitated patients'. Candidemia accounts for some 9% of noso-
. comial bloodstream infections*?, of which 40-70%, depending on the geographic location and specific patient
. population, are caused by C. albicans, and the rest by other Candida species”*. Candidemia can develop into
© deep-seated candidiasis when the fungus invades internal organs®. The mortality rate for invasive candidiasis is
© between 30% and 40%, a figure that has remained stable for several decades>*” ¢ in spite of the introduction of
. new classes of antifungals such as the echinocandins’.

One of the central and defining characteristics of C. albicans is its ability to switch between a yeast form of

growth, with rounded cells that disperse after septation, and a hyphal, or mold form, characterized by branching
- chains of tubular cells without constrictions at the sites of septation'’. Intermediate patterns, dubbed pseudohy-
- phal forms, are characterized by chains of elongated yeast cells. A variety of environmental stimuli are known to
. promote the switch to hyphal growth in C. albicans: neutral or alkaline pH, carbon starvation, nitrogen starva-
© tion, cell density, oxygen concentration, and elevated temperature (>35°C) (reviewed in refs 11, 12). Incubation
. in serum at 37°C is a potent stimulus, and provides the basis for a diagnostic test for C. albicans in the clinical
. laboratory.
: Several signal transduction regulators, notably components of the MAPK-'* and cAMP/PKA-dependent path-
© ways'* 15, serve critical roles in mediating the yeast-to-hyphal switch. A number of transcription factors have
. been identified that can influence filamentous growth, however only overexpression of CaUme6 can induce true
. hyphae'®!”. Induction of the yeast-to-hyphal switch activates a transcription program characterized by upregu-
. lation of genes encoding hyphal cell surface components such as the Hwp1, Ecel and Als3 proteins'®-%’, as well as

the cyclin Hgcl, which is essential for for hyphal morphogenesis®! and which is regulated by CaUme6>2.
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It is likely that the hyphal morphology enhances the ability to penetrate the mucous membranes and under-
lying tissues to enter the bloodstream, a key step en route to candidemia®. Hyphal cells are also protected from
killing by neutrophils and macrophages®, and are necessary for optimal biofilm formation on synthetic sub-
strates?. In further support of the importance of hyphal morphogenesis in pathogenicity, C. albicans mutants
unable to switch from the yeast form to the hyphal form demonstrate significantly reduced virulence in a mouse
model of systemic infection?" %, Conversely, studies of strains engineered so that the yeast-to-hyphal switch can
be regulated in vivo, suggested that hyphal morphogenesis after injection into the bloodstream is essential for
virulence'®?. In turn, inhibiting hyphal morphogenesis early in the infection significantly increased survival
of the host?. Together with the observation that C. albicans is found predominantly in hyphal form in tissue
samples of candidiasis patients?, these observations strongly implicate the yeast-to-hyphal morphogenetic switch
in establishing candidemia and in the subsequent tissue invasion. Challenging this view, a genomic screen to
identify determinants of hyphal growth and/or virulence revealed only partial overlap, leading to the suggestion
that hyphal growth may not be essential for virulence?. However, the in vitro hyphal growth assay used in the
latter study was a poor proxy for in vivo behavior and the mouse model of disseminated candidiasis may not fully
model a human infection'?. Furthermore, recent global analysis reaffirmed the link between hyphal morphogen-
esis and virulence, by showing that among 177 mutant strains tested, attenuation of virulence was significantly
correlated with decreased hyphal morphogenesis®. Therefore, most investigators continue to recognize a strong
link between hyphal morphogenesis and C. albicans pathogenicity*" >

More prevalent than systemic candidiasis are superficial mucosal infections that, although usually less threat-
ening than invasive disease, can impose a significant burden on patients, and can affect both healthy and immu-
nosuppressed individuals. The most common types are oral candidiasis, esophageal candidiasis, and vulvovaginal
candidiasis®. Importantly, these superficial infections also appear linked to the yeast-to-hyphal transition®-*’.

Most antifungals, like other antimicrobial agents in clinical use, target essential cellular processes®. Screens
for novel drugs mainly use inhibition of proliferation as benchmark or, when targeting a specific microbial pro-
tein for inhibition, focus on essential targets®. Therefore, most antifungals in use or development are growth
inhibitory (fungistatic) or lethal (fungicidal)*. The drug armamentarium against Candida spp. includes three
major classes of compounds: the azoles that target ergosterol biosynthesis, polyenes (mainly amphotericin B)
that target the fungal membrane, and echinocandins that target cell wall synthesis*'. Each has limitations, includ-
ing unpredictable efficacy (all), toxicity (polyenes) and acquired resistance (azoles, and, increasingly, echino-
candins®?). The persistent high levels of mortality with disseminated candidiasis underscore the need for new
antifungal therapies.

An alternative paradigm that has emerged in the last decade proposes that microbial infections, and fungal
disease in particular, could be combatted by inhibiting virulence mechanisms of the microorganisms, rather
than proliferation*>*4. The best example to date of a successful, if serendipitous, targeting of a virulence factor is
the inhibition of C. albicans secreted aspartic proteinases (SAPs). SAPs consist of a large family of enzymes that
contribute to mucosal candidiasis*> . The observation that AIDS patients treated with HIV protease inhibitors
showed a reduced incidence of oral candidiasis*’ has been attributed in part to direct inhibition of Candida
SAPs* % Another example is inhibition of the accumulation of melanin in the Cryptococcus neoformans cell
wall by the herbicide glyphosate. Although glyphosate has no effect on growth of the fungus per se, it enhanced
survival of mice experimentally infected with C. neoformans.

Given the importance of the yeast-to-hyphal switch in C. albicans virulence, targeting morphogenesis has
been proposed as a potential prophylaxis and/or therapy for candidiasis®*>°!. A number of molecules have
been characterized so far that interfere with hyphal morphogenesis. They include agents with poor potential for
further development, including lithium, azoles, rapamycin, geldanamycin, histone deacetylase inhibitors, pro-
pranolol, actin antagonists, hydroxyurea, nocodazole®'. Additional reports®>>* describe results of high-content
screening for agents that specifically affect the formation of hyphal cells. Their data report a small number of
simple small molecules with moderate toxicity at concentrations that impair hyphal growth (1-100 uM). Limited
chemical analysis did not reveal high affinity inhibitors based on these agents. In the second study, along with
a large number of cytotoxic/cytostatic agents, they reported sixteen drugs and inhibitors that appear to specif-
ically block hyphal growth without impairing cell proliferation. Of the known agents, several kinase and phos-
phatase inhibitors completely suppressed hyphal growth at ~50 uM. Other agents with a range of known targets
in humans (G protein-coupled receptors, calcium homeostasis) had similar effects at 20-100 uM. The effect of
these inhibitors was mostly limited to specific hyphal-induction conditions, and they were notably inactive on
serum-induced hyphae®. More recently, two molecules were identified in screens for biofilm formation inhibitors
that also strongly inhibited hyphal morphogenesis, filastatin®® and a diazaspiro-decane®®. The cellular target of
these compounds is unknown.

Drug repurposing (repositioning, re-profiling or re-tasking) is an alternative strategy for drug discovery based
on finding new uses for existing compounds such as approved drugs. It is estimated that well over 10,000 agents
have either been approved for use in the U.S. or elsewhere, or have been examined in Phase II clinical trials®’.
Mining this compound space for possible new uses has the potential to considerably reduce the time and cost of
drug development, since the molecules have already well-known safety and pharmacokinetic profiles. Here we
describe a screen for compounds from repurposing libraries that inhibit hyphal formation in serum at 37 °C. We
identify a chemogenetic interaction of one of these compounds with the endocytic pathway, and show that several
hyphal-repressing compounds interfere with fluid-phase endocytosis.

Results

Identification of novel hyphal inhibitors. The Microsource Spectrum Collection, NIH Clinical
Collections I and I, and Sigma’s LOPAC, over 4000 compounds in all, were screened for inhibitors of hyphal for-
mation as described in Methods. Briefly, an overnight culture of C. albicans was diluted in high-glucose DMEM

SCIENTIFICREPORTS|7:5692 | DOI:10.1038/541598-017-05741-y 2



www.nature.com/scientificreports/

Concentration (pM)
Name 50 25 12.5 6.2 3.1 1.6
5-Nonyloxytrypta-mine ++/Tx ++/Tx +/—/Tx — — —
Aripiprazole ++/Tx +/Tx +/—/Tx — — —
Benproperine ++/Tx +/Tx — — — —
Bifonazole +/Tx +/—/Tx +/—/Tx —/Tx — —
Cerivadtatin Na +/Tx — — — — —
CGS 12066B ++/Tx ++/Tx +/Tx +/—=ITx — —
Clofazimine +/Tx +/—=/Tx — — — —
Diphenylcyclo-propenone ++/Tx +/Tx +/—/Tx — — —
Disulfiram +/Tx +/=ITx — — — —
Ebselen ++/Tx +/Tx — — — —
Fluphenazine +/Tx — — — — —
Indatraline ++/Tx +/Tx +/—/Tx — — —
Lofepramine ++/Tx +/Tx — — — —
Naftopidil ++/Tx +/Tx — — — —
Pergolide ++/Tx +/Tx +/—=/Tx — — —
Prochlorperazine ++/Tx +/Tx +/—/Tx +/—/Tx — —
Pterostilbene ++/Tx +/Tx — — — —
Stiripentol ++/Tx +/Tx +/—/Tx — — —
Tegaserod maleate (Zelnorm) ++/Tx +/—/Tx — — — —
Terbinafine ++/Tx +/Tx — — — —
Ticlopidine ++/Tx +/Tx — — — —
Toremifene ++/Tx +/—=/Tx — — — —
Trifluoperazine ++/Tx +/Tx +/—/Tx — — —

Table 1. Novel hyphal induction inhibitors. Tx (for Toxic) indicates that visual observation suggested a
reduction in growth. 4+ stands for yeast cells in colonies or chains, + stands for more yeast than hyphae, 4-/—
stands for more hyphae than yeast, and - stands for hyphae only.

medium with 10% serum and grown in microtiter wells in the presence of compound concentrations ranging
from 150 to 0.06 uM. After 3.5h growth at 37 °C, the cell cultures were fixed with formaldehyde and each well was
examined visually with an inverted microscope. While all libraries contained compounds that inhibited growth
at 150 pM, only 23 compounds (all found in the NIH Clinical Collection I, but some also found in additional
collections) appeared to target filamentation at a concentration of 50 uM or below (Table 1). Prochlorperazine,
trifluoperazine, CGS 12066B, disulfiram, and ticlopidine (Supplementary Fig. S1) are compounds that sustained
an effect on C. albicans morphology at this concentration and were chosen for further analysis based on their
availability. Prochlorperazine and trifluoperazine are dopamine receptor antagonists®®, whereas CGS 12066B is a
serotonin-1B receptor agonist®. Trifluoperazine was previously shown to inhibit N-acetylglucosamine-induced
hyphal morphogenesis in C. albicans®. Disulfiram is an aldehyde dehydrogenase inhibitor that has been shown
to exhibit antimicrobial activity along with its first metabolite, diethyldithiocarbamate®!, which is a cytochrome
P450 inhibitor like ticlopidine®?. Disulfiram was previously identified as a growth inhibitor in C. albicans, with
its activity depending at least in part on its inhibition of the multidrug resistance (MDR) transporter Cdr1%.
Prochlorperazine was also identified as an MDR inhibitor that can sensitize C. albicans to fluconazole at sub-in-
hibitory concentrations® .

Visual observation suggested that the compounds tested often inhibited proliferation in addition to inhibiting
hyphal morphogenesis (Table 1). To obtain a more quantitative estimate of the effect on proliferation of the five
most active compounds, cells were grown in increasing concentrations of the compounds (Fig. 1). Disulfiram
appears to be the most potent inhibitor of growth, with a significant reduction already observed at 50 uM, whereas
ticlopidine appeared to be the least active. The ticlopidine effect was however poorly reproducible across different
replicates at higher concentrations, possibly indicative of poor solubility in growth medium. Prochlorperazine,
trifluoperazine, and CGS 12066B start showing growth effects at 50 uM, with complete growth inhbition above
200 uM. We mostly focused our subsequent analyses on trifluoperazine (TFP) and CGS 12066B.

Effects of TFP and CGS 12066B on ectopically induced hyphae. In an attempt to identify the
step in the hyphal induction pathway that is affected by these compounds, we designed strains that carry a
maltose-inducible copy of one of three genes: the cyclin HGCI with a C-terminal truncation predicted to activate
it, the transcription factor UMES6, and the MAPKK STE11 with an N-terminal truncation predicted to activate it.
Induction of any of these three genes causes the cells to form true hyphae (Supplementary Fig. S2).

We first tested which drug concentrations inhibit growth under conditions of maltose induction of these
genes. TFP had no effect on growth up to 40 uM, and at 75 uM, growth inhibition was complete (Supplementary
Fig. $3). CGS 12066B started displaying a slight growth inhibition at 20 uM, and at 75 uM, growth inhibition was
complete (Supplementary Fig. S3). We next tested the effect of sub-inhibitory concentrations of the drugs (30 uM
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Figure 1. Minimal Inhibitory Concentration of indicated compounds. The effect of five hyphal growth
inhibitors was measured on C. albicans NCPF 3135 growth in YPD at 30°C for 24 h. The graph indicates the
mean £ S.D. of three cultures for each compound and concentration.

TFP, 20 uM CGS 12066B) on induction of hyphae by the three genes. Both compounds showed similar effects:
complete inhibition of morphogenesis induced by Stel1, almost complete inhibition of morphogenesis induced
by CaUme6 and limited inhibition of morphogenesis induced by Hgcl1 (Fig. 2).

To test whether the inhibition of morphogenesis was accompanied by an inhibition of the expression of
hyphal-specific genes (HSGs), we tested expression of the HSGs HWPI and ECEI after induction of CaUME6
or CaSTE11, with or without 10 uM TFP. As shown in Fig. 3, while induction of both CaUME6 and CaSTE!1 led
to the induction of HWPI and ECE1, presence of TFP considerably reduced this induction, consistent with the
reduction in hyphal morphogenesis.

Effect of TFP on biofilm formation. Biofilm formation on medical devices by many microorganisms,
including C. albicans, constitutes a growing problem in the clinic. Optimal biofilms include a large proportion
of hyphal cells that are thought to act as scaffolding®. In order to test whether TFP could interfere with biofilm
growth, we performed a biofilm formation test on silicone squares in a 24-well plate as described in Methods.
Treated silicone squares were incubated for 48 hours at 37°C, with shaking at 150 rpm, with or without 50 pM
TFP. Biofilms were visualized by confocal laser scanning microscopy (CLSM), with a DAPI filter. A dramatic
difference in the depth was detected on the silicone squares incubated with TFP: in these cultures, biofilm depth
was reduced on average by 50% (Fig. 4).

Identification of potential TFP targets in S. cerevisiae. The facile genetic manipulation of the baker’s
yeast, Saccharomyces cerevisiae, especially when contrasted with C. albicans, enables the application of genetic
methods to identify potential drug targets. However, in order to be able to utilize S. cerevisiae as model organism
for identifying candidate TFP and CGS 12066B targets, we first determined whether these compounds affect
S. cerevisiae growth at all. We found that growth inhibition did occur with both compounds, with S. cerevisiae
exhibiting a similar or higher sensitivity to CGS 12066B and TFP as C. albicans (Supplementary Fig. S4). After
confirming that TFP inhibits S. cerevisiae growth at 30 uM on plates (Supplementary Fig. S5), we performed a
high-copy TFP sensitivity suppression screen, using both a S. cerevisiae and a C. albicans 2 p genomic library in
BY4741. Candidate plasmids were sequenced, retransformed and re-tested by serial dilution plating on 30 uM
TFP plates (Fig. 5A). The S. cerevisiae genes identified were VMA11, VMA21 and VOA1, and the C. albicans gene
that consistently rescued TFP toxicity was STV, all genes associated with the vacuolar ATPase: Vmall and Stvl
are subunits of the V, (transmembrane) subcomplex®, and Voal and Vma21 are proteins involved in assembly of
the V-ATPase in the endoplasmic reticulum®” ¢,

Since the high-copy suppression screen identified components of the vacuolar ATPase, we asked whether a
VMA deletion in C. albicans would affect TFP sensitivity. As shown in Fig. 5B, a homozygote vmall~'~ deletion
mutant is significantly more sensitive to TFP than the wild-type strain. In addition, since vacuolar ATPase mutants
had been shown to be detective in hyphal morphogenesis®®~’!, we also tested the phenotype of the vmall =~
mutant. As shown in Supplementary Fig. S6, this mutant is unable to form hyphae in standard hyphae-induction
conditions, confirming the requirement for an active vacuolar ATPase for hyphal morphogenesis.

To complement the TFP high-copy toxicity suppression screen, we next carried out a screen for TFP hypersen-
sitivity using an arrayed S. cerevisiae gene deletion library. Most non-essential genes, about 4500, are represented
in this library (the EUROSCAREF library). The deletion collection was printed with a robotic arrayer on plates
containing YPD and YPD+10uM TFP (a concentration at which the wild-type strain BY4741 grows normally),
and the spots were compared for size. Strains that seemed hypersensitive to TFP on the array plates were collected
for further analysis: serial dilutions of individual strains were spotted on 10 uM TFP plates. As shown in Fig. 6,
deletion of 4 genes were found to confer TFP hypersensitivity: RCYI, VPS15, SOD1, and PCL8, while two other
candidate deletions did not show enhanced sensitivity upon re-plating. Rcyl and Vpsl5 are particularly interest-
ing, as they are proteins involved in endocytic recycling of membrane proteins, and in targeting of proteins to
the vacuole, respectively’> 7>, Interestingly, two independent yeast high-throughput chemogenomic screens also
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Figure 2. Inhibition of ectopically induced hyphal morphogenesis by TFP and CGS 12066B. C. albicans SN148
carrying the vector plasmid KB1018 (KC685) or MAL2p-STE11AN (KC753), MAL2p-UMEG6 (KC763) and
MAL2p-HGCIAC (KC754) were grown overnight in YPD + 2% raffinose, then diluted into medium containing
2% maltose + 30 uM TFP or 20 uM CGS 12066B or no compound, as indicated, and incubated for 5h at 30 °C.
Pictures were taken with a 40X objective equipped with DIC optics.

identified an interaction of TFP with endocytic and vesicle transport. For example, among the top interacting
genes in these screens were the clathrin CLCI and the clathrin-interacting protein SWA27, and the vesicle trans-
port genes VPS35 and SNF7 (as well as RCY1)7. Together with the identification of the vacuolar ATPase in the
high-copy suppression screen, which is responsible for the maintenance of acidic pH in the endocytic pathway, we
started to discern a pattern of genes involved in protein trafficking and endocytosis as the target of TFP.

Effect of TFP, CGS 12066B and prochlorperazine on fluid-phase endocytosis. The chemoge-
netic interaction of TFP with endocytosis prompted us to assay the effect of TFP on fluid-phase endocytosis.
Fluid-phase endocytosis can be assayed by measuring incorporation of the membrane-impermeable fluorophore
Lucifer Yellow (LY)®. As shown in Fig. 7a, TFP significantly inhibits LY uptake at concentrations that do not
inhibit growth but that were found to inhibit hyphal morphogenesis. We further tested additional drugs identified
in our screen for inhibitors of hyphal morphogenesis (Fig. 7b). Whereas ticlopidine had no effect on fluid-phase
endocytosis as measured by LY uptake, CGS 12066B and prochlorperazine profoundly inhibited endocytosis at
concentrations that inhibit hyphal morphogenesis, similar to TFP. This suggests that the effect on hyphal morpho-
genesis of these three drugs may be linked to their effect on endocytosis.

Discussion

The current antifungal armamentarium is limited by the small number of available drug classes, by toxic
side-effects of existing drugs, and by the emergence of increasing drug resistance among fungal pathogens.
Targeting virulence rather than proliferation has been suggested as a way to increase the number of available
drug targets, and to potentially reduce selective pressures leading to resistance*>””. In C. albicans, the morpho-
genetic switch from yeast to hyphae constitutes a virulence factor that could serve as target for treatment of both
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Figure 3. Expression of the hyphal-specific genes HWPI and ECEI is suppressed by TFP. C. albicans SN148
cells were ectopically induced to produce hyphae by induction of STE11 AN (KC753) (a) or UME6 (KC763)

(b) under the MAL2 promoter. Cells were grown overnight in 2% raffinose and shifted to 2% maltose for the
indicated amounts of time in the presence or absence of 10 uM TFP. ECE1 and HWPI transcript levels were

normalized to 18 S rRNA. All readings were then normalized to the 1h induction point (=1).
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Figure 4. Biofilm formation is partially inhibited upon exposure to Trifluoperazine. Medical silicone sheeting
was incubated with C. albicans (KC403) under standard biofilm-inducing conditions (46 hr, 37 °C), with or
without 50 uM Trifluoperazine. (a) Top: CSLM biofilm depth views in which red represents cells closest to the
silicone substrate and green represents cells farthest from the silicone substrate. Bottom: CSLM side views.

(b) Average depth of biofilm with and without TFP on 4 silicone sheets each. Error bars indicate the standard
deviations.

systemic and mucosal infections®" *2. Here, we screened several libraries of relatively well-characterized drugs
(“drug repurposing” screen) in order to identify inhibitors of hyphal morphogenesis.

The three most active specific inhibitors of hyphal morphogenesis were two closely related piperazine-type
phenothiazines, prochlorperazine and trifluoperazine, and another piperazine, CGS 12066B. While these drugs
inhibited hyphal formation at intermediate concentrations, they inhibited cell proliferation at higher concentra-
tions. TFP is an extensively investigated drug that was shown to inhibit several mammalian cell targets, including
the dopamine receptor®®, the calmodulin-dependent Ca™"-ATPase’®, and a sodium channel”. In an attempt to
identify the relevant TFP target in C. albicans, we took advantage of the sensitivity of the related baker’s yeast to
TFP, to perform chemogenomic analysis. An initial screen for high-copy suppressors with either a S. cerevisiae
or a C. albicans library yielded several subunits of the vacuolar ATPase. Another vacuolar ATPase gene had been
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Figure 5. (a) Identification of S. cerevisiae and C. albicans genes that rescue Trifluoperazine toxicity at high
copy. Serial dilutions of S. cerevisiae cells carrying the indicated genes on a 2 micron plasmid were plated

on YPD or YPD + 30 uM TFP plates and incubated for 2 days at 30 °C. (b) MIC test of TFP on C. albicans
vmall~'~(KC280) vs. VMA11*/* (CAF3-1). The cells were grown in YPD overnight at 37°C in the presence of
TFP at the indicated concentrations. The graph indicates the mean £ S.D. of three cultures.

Figure 6. Enhanced sensitivity to Trifluoperazine of S. cerevisiae mutants. Serial dilutions of the indicated
mutants were plated on YPD or YPD+10 uM TFP plates and incubated for 2 days at 30 °C. Whereas rcylA,
vpsI5A, sod1A and pcl8A exhibit strongly reduced growth on TFP only, pho88A and vps69A exhibit non-specific
reduced growth in the absence of the compound as well.
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Figure 7. Effect of tested drugs on fluid-phase endocytosis. (a) Lucifer Yellow uptake was measured in C.
albicans (SN148) cells after growth for 2.5h at 37 °C with different concentrations of trifluoperazine. The graph
indicates the mean + S.D. of three samples of the same culture. (b) Lucifer Yellow uptake was measured as in

a, without or with prochlorperazine (PCP), CGS 12066B, trifluoperazine and ticlopidine (TPD). The graph
indicates the mean £ S.D. of three cultures.

previously isolated as suppressor of TEP toxicity in yeast®’. The vacuolar ATPase acidifies the vacuole and the
endosome, suggesting an interaction of TFP with the exocytic and endocytic patway. We next looked for hyper-
sensitive strains in the yeast deletion collection. Of the four mutants identified, two pointed to the endocytic
pathway; in addition, two large-scale chemogenomic screens that had been performed in the interval’ 7 also
suggested an interaction of TFP with proteins involved in endocytosis and vesicular transport. We confirmed that
the endocytic pathway is a target of the drugs identfied in our screen, by showing that TFP, prochlorperazine and
CGS 12066B all inhibit fluid-phase endocytosis in C. albicans.
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Genetic analysis has already indicated that vacuolar ATPase is essential for hyphal morphogenesis®-7.

Likewise, a role for endocytosis in C. albicans hyphal growth had been suggested by the requirement for proteins
involved in fluid phase endocytosis such as Pan1®!, myosin type I Myo5%, the Wiscott-Aldrich Syndrome Protein
homolog Wal1#3, the verprolin Vrp1%4, and the BAR domain proteins Rvs161 and Rvs167%. The likely explanation
for a requirement for endocytosis in hyphal morphogenesis is the need to recycle membranes as well as mem-
brane proteins deposited by vesicle exocytosis at the tip of the extending hypha (reviewed in ref. 86). Our work
provides further support for this interaction by linking pharmacological inhibition of endocytosis to inhibition
of hyphal morphogenesis.

A surprising observation was that the inhibition of hyphal morphogenesis was accompanied by a decrease
in hyphal-specific gene expression. Together with the effect on cells ectopically expressing CaUme®6, this led us
initially to suspect that TFP and CGS 12066B target CaUme6 or another part of the gene expression machinery.
However, in view of the chemogenomic interactions detected with TFP, combined with their effect on fluid-phase
endocytosis, we favor the model that these drugs affect hyphal extension via their effect on the endocytic path-
way. This model does however not explain why HSG expression is affected by TFP. The possibility remains that
in addition to its effect on endocytosis, TFP also affects substrates in the hyphal induction pathway. However it
seems more likely that the reduction of hyphal elongation via reduction in endocytosis causes decreased HSG
expression. This would imply that the hyphal morphogenetic apparatus feeds back into the hyphal gene expres-
sion program. While the mechanism of this feedback is unknown, it fits with the notion that not only external
signals, but also interference with cellular physiology such as e.g. cell cycle progression, can induce HSG expres-
sion and hyphal morphogenesis®’.

Our intention in assaying a repurposing drug library was to identify hyphal suppressors among molecules of
known safety. However, the concentrations required for even partial hyphal inhibition (>10uM) appear to be
above the safe serum levels of these drugs®. Nonetheless, our results suggest that the endocytic pathway and the
vacuolar ATPase might constitute useful targets for pharmacological inhibition of hyphal morphogenesis. This
raises the prospect of identifying molecules that target fungal endocytosis with high affinity as potential inhibitors
of C. albicans virulence.

Materials and Methods

Strains and plasmids. Inhibition of the yeast-to-hyphae switch was tested in the C. albicans NCPF 3153
strain (London Mycological Reference Laboratory)®. Ectopic hyphal induction was carried out in strain SN148*
carrying plasmids KB2147 (MAL2-CaUMES6)"7, KB2264, KB2265, or the plasmid vector BES119°". Biofilm for-
mation was assayed in KC403, i.e. strain CAF3-1 transformed with plasmid BES119. KC280 is a deletion of both
alleles of CaVMA11%2.

The yeast (S. cerevisiae) deletion mutant collection consists of approximately 4700 strains, each carrying the
strain BY4741 auxotrophic markers (MATa ura3A0 leu2 A0 his3A1 met15A0), and a gene deletion mutation
linked to a KanMX marker, which confers resistance to the antibiotic geneticin®.

Plasmid KB2264 contains CaSTE11 between positions 1402-2473 cloned PstI-Apal in KB1610%, enabling to
express a 6xMyc-tagged N-terminal truncation of Stel1 under the MAL2 promoter. The N-terminal truncation
of Stell causes it to be hyperactive compared to the full-length gene. KB2265 contains the HGCI open reading
frame between positions 1-1206, cloned PstI-Apal in KB1610 3, enabling to express a 6xMyc-tagged C-terminal
truncation of Hgcl under the MAL2 promoter. The 2 micron plasmid C. albicans and S. cerevisiae genomic
libraries used were obtained respectively from Haoping Liu (UC Irvine, CA, USA)* and from Phil Hieter (UBC,
Vancouver, Canada)®.

Compound collections. We used the Microsource Spectrum Collection, NIH Clinical Collections I and II,
and Sigma’s LOPAC. The Microsource Spectrum Collection is a set of diverse 2,320 compounds, including drugs,
natural products, and bioactive compounds. The NIH Clinical Collections are composed of 769 drugs that are
currently in phases 1 to 3 of clinical trials. The LOPAC collection from Sigma encompasses 1,280 drugs and small
molecule modulators. The commonly used antifungal clotrimazole was used as a control.

Visual screen of yeast-to-hyphae switch inhibition. Prior to each screen, a C. albicans yeast colony
was inoculated in 5mL of yeast peptone medium plus 2% glucose (YPD) and grown overnight at 30 °C with
shaking. The next day 3 puL of each compound was manually distributed from their 5mM stocks in DMSO (stored
at —20°C) into the top row of wells from a Costar 3370 microplate (untreated, flat bottom, clear polystyrene,
96-wells, and with low evaporation lid). Immediately before the screen, cells were washed twice with ultra pure
water and diluted 1:1000 in either fresh YPD (control, noninducing medium) or Gibco’s high glucose DMEM
supplemented with L-glutamine, phenol red, 100 units/mL penicillin and 100 ug/mL streptomycin, and 10% fetal
calf serum (hyphae-inducing medium). Subsequently, 100 pL of hyphae inducing medium was added to each well
of the microplate. A 1:3 or 1:2 serial dilution was then carried out to obtain concentrations ranging from 150 to
0.06 LM along each microplate column in a final volume of 67 pL in each well. For the yeast morphology control,
cells were diluted into non-inducing medium and kept at 30 °C, while for the hyphal morphology control, cells
were not treated with a compound. Unless otherwise specified, the microplates were incubated at 37°C for 3.5 hrs.

For a morphological analysis of C. albicans NCPF 3153 strain in the microplate, an Axiovert 40 CFL micro-
scope (Zeiss) was used. After the 3.5 hr time point, cells were fixed with 2% paraformaldehyde (PFA) and two
phase-contrast images of each well were taken from each of the two replicates. Observations were noted as —
(hyphae),+/— (minority of yeast cells),+(majority of yeast cells) and ++ (only yeast cells) (see Supplementary
Fig. S7). Tx (for Toxic) indicates that visual observation suggested a reduction in growth.
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The hit rate was 12/2320 for the Microsource collection, 10/1280 for the Lopac collection, 23/446 for the NITH
clinical collection I and 0/281 for the NIH clinical collection II. However, due to duplications in the collections,
all the hits from the two first collections were also found among the hits of the NIH collection.

Determination of the minimum inhibitory concentration (MIC). The growth of C. albicans NCPF
3153 strain was analyzed using a microplate assay. Each compound was tested at final concentrations of 1200,
800, 600, 400, 300, 200, 150, 100, 75, 50, and 0 pM. From an overnight culture grown in 5mL of YPD at 30°C with
shaking, cells were diluted to 2000 cells/mL in fresh YPD, of which 150 was added to each Costar 3370 microplate
well. The microplate was set to incubate overnight (24 hrs) at 30°C with shaking on a rotary platform. Prior to
a reading with the Tecan Safire IT at 600 nm (OD600), cells in each well were resuspended using a multichannel
pipettor. Two replicates were conducted for this assay.

Biofilm formation assay. Sterilized silicone squares were placed in a 24-well plate (1 per well), with 1 mL
of RPMI 1640+HEPES+NaHCO;+2% glucose to each well and the plate placed overnight at 37 °C with 150 rpm
shaking. An overnight culture of C. albicans strain KC403 was inoculated in YPD. The next day, cell were resus-
pended in RPMI, added to silicone squares and incubated at 37°C with 150 rpm shaking for 2hours in order for
the cells to adhere. Next, the silicone squares were carefully washed and transferred to a new 24 well plate, each
well was filled with 1 mL of fresh RPMI medium. At this stage, 50 uM TFP was added to the medium of some of
the wells. The plate was incubated for 48 hours at 37°C, with shaking at 150 rpm. After incubation, samples were
fixed with formaldehyde. The cells were stained with calcofluor white and viewed by confocal laser scanning
microscopy (CLSM), with a DAPI filter. The pictures were analyzed by the program IMARIS 8.1.

Fluid-phase endocytosis assay. Lucifer Yellow (LY) uptake was used as a measure of fluid-phase endocy-
tosis’®. Overnight cultures were diluted in the appropriate medium and grown 2-3h to an ODg, of 0.1. For each
assay, 10 ml of the culture was spun down (3500 g, 5min) and resuspended in 0.9 ml of fresh medium. 0.1 ml of
Lucifer Yellow CH (LY; Sigma), 40 mg/ml in water, was added and the cultures were incubated another 1 h while
shaking. The cells were then spun down, resuspended in 1 ml ice-cold stop buffer (50 mM Succinate-NaOH, pH
7.5,100 mM NaCl, 10 mM NaNj3, 10 mM MgCl,), and spun down and resuspended again for a total of 6 times.
The final pellet was resuspended in 1 ml lysis buffer (50 mM Tris-Cl Ph 7.5 m 10 mM 2-mercaptoethanol, 2000 U
lyticase (Sigma) / ml) and incubated 15’ at 37°C. LY fluorescence was measured at 426 nm excitation and 550 nm
emission using a Tecan Infinite M200 PRO spectrofluorometer. Fluorescence was calibrated with free LY in the
same buffer. To normalize LY uptake to cell amount, the protein amount was measured by the Bradford method
(Bio-Rad protein assay dye reagent), using 0.2 ml of the same extract used for LY quantitation. Bovine serum
albumin (Sigma) was used for calibration of the protein assay.

Data availability. All data generated or analysed during this study are included in this published article (and
its Supplementary Information files).
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