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Abstract

The opportunistic human fungal pathogen Cryptococcus neoformans has tremendous impact on global health, causing 181,000 deaths an-
nually. Current treatment options are limited, and the frequent development of drug resistance exacerbates the challenge of managing in-
vasive cryptococcal infections. In diverse fungal pathogens, the essential molecular chaperone Hsp90 governs fungal survival, drug resis-
tance, and virulence. Therefore, targeting this chaperone has emerged as a promising approach to combat fungal infections. However, the
role of Hsp90 in supporting C. neoformans pathogenesis remains largely elusive due to a lack of genetic characterization. To help dissect
the functions of Hsp90 in C. neoformans, we generated a conditional expression strain in which HSP90 is under control of the copper-
repressible promoter CTR4-2. Addition of copper to culture medium depleted Hsp90 transcript and protein levels in this strain, resulting in
compromised fungal growth at host temperature; increased sensitivity to stressors, including the azole class of antifungals; altered C. neo-
formans morphology; and impaired melanin production. Finally, leveraging the fact that copper concentrations vary widely in different
mouse tissues, we demonstrated attenuated virulence for the CTR4-2p-HSP90 mutant specifically in an inhalation model of Cryptococcus
infection. During invasion and establishment of infection in this mouse model, the pathogen is exposed to the relatively high copper con-
centrations found in the lung as compared to blood. Overall, this work generates a tractable genetic system to study the role of Hsp90 in
supporting the pathogenicity of C. neoformans and provides proof-of-principle that targeting Hsp90 holds great promise as a strategy to
control cryptococcal infection.
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Introduction
Invasive human fungal pathogens impose tremendous economic

and health burdens on society, in part due to rising populations

of at-risk individuals with impaired immune function secondary

to an expanding array of medical interventions or HIV infection

(Brown et al. 2012). Despite the severe health threat posed by fun-

gal pathogens, we only have three major classes of antifungal

drugs to combat invasive infections: polyenes, azoles, and echi-

nocandins (Robbins et al. 2017). Polyenes sequester plasma mem-

brane ergosterol, which is the functional equivalent of

cholesterol, the membrane sterol present in mammalian cells.

Azoles inhibit ergosterol biosynthesis by targeting the lanosterol

demethylase enzyme encoded by ERG11, and echinocandins tar-

get the biosynthesis of (1,3)-b-glucan, a basic building block of

the fungal cell wall (Lee et al. 2021). Resistance, fueled by the

widespread prophylactic use of antifungals both in medicine and

in agriculture, has been documented to each of these drug clas-

ses in human fungal pathogens (Fisher et al. 2018). To make mat-

ters worse, limited resources and inefficient diagnostic tools are

contributing factors responsible for the co-occurrence of lethal
fungal infections with COVID-19 (Nargesi et al. 2021). In particu-
lar, the emergence among COVID-19 patients of deadly mucor-
mycosis, caused by zygomycetous Mucorales sp. (Raut and Huy
2021), further highlights the threat these pathogens pose to hu-
man health.

Species of Candida, Aspergillus, and Cryptococcus represent the
dominant invasive fungal pathogens responsible for the majority
of deaths due to fungal infection in humans. Specifically, the ba-
sidiomycete Cryptococcus neoformans infects approximately
223,100 individuals per year, with the resulting cryptococcal
meningitis responsible for 181,100 deaths annually (Rajasingham
et al. 2017). C. neoformans is intrinsically resistant to echinocan-
dins, and therefore treatment options remain limited to polyenes,
azoles, and the pyrimidine analog flucytosine that targets RNA
and DNA synthesis (Denning 2003; Iyer et al. 2021). Notably, due
to the frequent emergence of drug resistance, flucytosine is never
used as a monotherapy and is only used in combination (Day
et al. 2013). Monotherapy with fluconazole also results in poor
outcome relative to amphotericin B and flucytosine combination
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therapy due to the lack of early fungicidal activity for fluconazole
resulting in the development of resistance (Bicanic et al. 2009;
Hope et al. 2019). C. neoformans is also able to develop resistance
to all other current antifungals by employing a plethora of ge-
netic, genomic, and adaptive biological strategies (Iyer et al. 2021).
Thus, a pressing need exists to develop novel antifungal drugs
and therapeutic strategies to treat Cryptococcus infections more
effectively.

A promising approach to enhance the efficacy of current anti-
fungals is to use them in combination with inhibitors of core cel-
lular stress responses. The molecular chaperone Hsp90 is
conserved throughout eukaryotes, where it regulates the func-
tion of diverse meta-stable signal transducers involved in sensing
and responding to stress (Taipale et al. 2010; O’Meara et al. 2017).
Previous work has shown that targeting Hsp90 is a powerful ther-
apeutic strategy to combat fungal disease caused by Candida and
Aspergillus species (Cowen and Lindquist 2005; Cowen et al. 2009).
Hsp90 inhibition abrogates antifungal drug resistance and poten-
tiates antifungal activity through numerous mechanisms, most
notably by impairing signaling through the protein phosphatase
calcineurin and the Pkc1 cell wall integrity pathway (Cowen and
Lindquist 2005; LaFayette et al. 2010; Singh-Babak et al. 2012;
Caplan et al. 2018). Hsp90 also modulates key virulence traits in
C. albicans, such as the ability to undergo morphogenesis, and in
animal models, genetic compromise of Hsp90 function leads to
clearance of otherwise lethal Candida or Aspergillus infections
(Cowen et al. 2009; Shapiro et al. 2009). In C. neoformans, Hsp90 has
been suggested to play crucial roles in controlling key virulence
traits, such as thermotolerance and capsule production (Cordeiro
et al. 2016; Chatterjee and Tatu 2017). However, these studies
have been limited to the use of pharmacological inhibitors as a
genetically tractable system for studying C. neoformans Hsp90 has
yet to be generated.

In this study, we constructed a regulatable expression system
for C. neoformans HSP90 utilizing the copper-suppressible pro-
moter CTR4-2, which has been used previously to study function
of the essential genes FAS1 and FAS2 in vivo (Chayakulkeeree et al.
2007). In the CTR4-2-HSP90 strain, supplementation of medium
with copper suppressed both HSP90 transcript and protein levels.
Using this genetically modified strain as a tool, we found that de-
pletion of C. neoformans HSP90 caused a severe growth defect at
37�C, increased sensitivity to the azole fluconazole, conferred hy-
persensitivity to several environmental stresses, triggered a cyto-
kinesis defect resulting in the formation of multinucleated
elongated cells, and impaired production of melanin, a key viru-
lence trait. Finally, we evaluated the pathogenicity of the copper-
regulated HSP90 mutant in two different mouse models of infec-
tion, selected because they were expected to expose the strain to
either high or low concentrations of copper during the initial
phase of infection. We observed attenuation in virulence only in
an inhalation model where C. neoformans is exposed to the rela-
tively high copper concentrations found in lung tissue during in-
vasion and establishment of infection. Overall, this study
describes the generation of a greatly needed genetic tool to study
Hsp90 function in C. neoformans and provides genetic proof-of-
principle that targeting Hsp90 could provide a powerful therapeu-
tic strategy for the treatment of cryptococcosis.

Materials and methods
Strains and culture conditions
Strains and plasmids used in this study are listed in
Supplementary Table S1. All strains were frozen at �80�C in 25%

glycerol and actively maintained on solid yeast extract peptone
(YPD: 1% yeast extract, 2% bactopeptone, 2% glucose, and 2%
agar) at 4�C for no longer than one month. The CTR4-2p-HSP90
mutants were grown on YPD agar medium supplemented with
100 mg/ml nourseothricin (NAT). To suppress HSP90 expression,
mutants were grown in liquid YPD medium supplemented with
25 mM CuSO4 at 30�C overnight.

Construction CTR4-2p-HSP90 mutants
To generate the CTR4-2p-HSP90 mutant, 111 base pairs upstream
of the first intron preceding the HSP90 start codon were replaced
with a nourseothricin-resistance (NAT) cassette and the CTR4-2
promoter utilizing the TRACE method (Fan and Lin 2018). The
CTR4-2p-HSP90 construct was cloned into plasmid pXL1 to yield
pCTR4-2p-HSP90 utilizing the Gibson cloning method (Gibson
et al. 2009). 898 bp-upstream and 979 bp-downstream of the 111
bps targeted sequence were PCR amplified using oLC8626/
oLC8631 and oLC8625/oLC8623 from KN99a genomic DNA. The
CTR4-2 promoter was PCR amplified using oLC8624/oLC8629 from
plasmid pCTR4-2p (Ory et al. 2004). The NAT cassette was PCR
amplified using oLC8630/oLC8632 from plasmid pAI3 (Idnurm
et al. 2004), and the plasmid backbone was PCR amplified using
oLC8633/oLC8634 from plasmid pXL1 (Hsueh et al. 2009).
Overlapping PCR products shared a 20 bp-homologous sequence,
and all PCR products were assembled together to generate plas-
mid pCTR4-2p-HSP90. The plasmid was sequenced to confirm no
mutations were introduced during the cloning steps.

The guide RNA (gRNA) sequence targets 154 bp upstream of
the HSP90 start codon. The U6 promoter for the gRNA cassette
was PCR amplified using oLC8640/oLC8641 from JEC21a genomic
DNA. The gRNA scaffold was PCR amplified using oLC8639/
oLC8642 from plasmid pDD162, and the gRNA cassette was then
PCR amplified using oLC8641/oLC8642 via overlap PCR. The CAS9
cassette was PCR amplified using oLC8637/oLC8638 from plasmid
pXL1-HYG-CAS9 (Fan and Lin 2018).

To transform C. neoformans, pCTR4-2p-HSP90 was digested
with SacI and NruI, and the DNA fragment containing the CTR4-
2p-HSP90 construct was gel purified. The CTR4-2p-HSP90 con-
struct, CAS9 cassette, and gRNA cassette were then transformed
into KN99a via electroporation (Fan and Lin 2018). Transformants
were selected on YPD-NAT agar medium and genotyped via PCR
for the correct integration of the CTR4-2 promoter. Two PCR-
validated CTR4-2p-HSP90 mutants derived from a single transfor-
mation were used in the subsequent experiments described in
this manuscript. Primers used in this study are listed in
Supplementary Table S2.

RNA extraction and real time-PCR
Wild-type KN99a and CTR4-2p-HSP90 strains were grown in liquid
YPD and YPD supplemented with either 25 mM CuSO4 or 200 mM
bathocuproinedisulphonic acid (BCS) (Sigma) at 30�C or 37�C
overnight. Cells were diluted to an OD600 of 0.1 in the same liquid
media and cultured under the same conditions for 5 h or until in
mid-log phase. Cells were pelleted, washed once with 1X phos-
phate buffered saline (PBS), and flash frozen in liquid nitrogen.
Cells were lysed by bead beating four times for one minute with
chilling on ice for one minute in between cycles. RNA was
extracted using the QIAGEN RNeasy kit and DNase treated using
the QIAGEN RNase free DNase. cDNA synthesis was carried out
using the iScript cDNA synthesis kit (BioRad). Real time-PCR was
performed in technical triplicates using the BioRad CFX-384 Real
Time System using Fast SYBR Green Master Mix (Applied
Biosystems) following manufacturer’s protocol. The PCR cycle
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started with 95�C for 3 min followed by 40 cycles of 95�C for 10 s
and 60�C for 30 s. The melting curve was performed with the fol-
lowing cycle conditions: 95�C for 10 s and 65�C for 10 s with an in-
crease of 0.5�C per cycle up to 95�C. The experiment was
performed in biological duplicate to confirm data reproducibility.
T-test with Welch’s correction was used to determine statistical
significance. Primers used are listed in Supplementary Table S2.

Protein extraction and western blot
Wild-type and CTR4-2p-HSP90 strains were cultured and prepared
under the same conditions as used to extract RNA. Protein ex-
traction and western blotting were performed as previously de-
scribed with minor modifications (Hossain et al. 2020). In brief,
pelleted cells were flash frozen in liquid nitrogen and lysed in
650 ml lysis buffer (0.42 M NaOH and 1.9% b-mercaptoethanol).
Protein was precipitated with 150 ml 50% trichloroacetic acid
(TCA), pelleted at 14,000 g for 10 min at 4�C, and washed once
with 500ml ice-cold acetone. Pellets were resuspended in 150 ml
loading buffer [40 mM Tris-HCl (pH 6.8), 5% (w/v) SDS, 100 mM
NaEDTA, and 8.3 M Urea], incubated at 42�C for 10 min, and spun
down by centrifugation at 14,000 g for 2 min. Supernatant were
collected and protein levels were determined by DC protein assay
(BioRad). For each sample, 10 mg total protein and PageRuler pre-
stained protein ladder (Invitrogen) were separated by SDS-PAGE
using precast 15-well NuPAGETM 4-12% Bis-Tris gel (Invitrogen).
Separated proteins were electro-transferred to nitrocellulose
membrane for an hour at 300 mA at room temperature. Blots
were blocked in 10% skim milk in TBS-T [10 mM Tris-HCl (pH 7.5),
150 mM NaCl, 0.05% Tween-20] for 1 h at room temperature.
Hsp90 was detected using a polyclonal rabbit anti-Candida Hsp90
antibody [1:5000 in 5% skim milk in TBS-T, gift from B. Larson
(Burt et al. 2003)] overnight at 4�C with gentle agitation. Blots
were then washed with TBS-T three times, incubated with horse-
radish peroxidase (HRP) conjugated goat anti-rabbit antibody
(1:3000 in 5% skim milk in TBS-T, Rockland Immunochemicals,
Inc.) for an hour at room temperature with gentle agitation, and
then washed with TBS-T three times. Chemiluminescent signals
were detected using Clarity ECL HRP substrate kit (BioRad) follow-
ing manufacturer’s instructions. Lastly, blots were stained with
Coomassie stain (0.1% w/v Coomassie BB R-250, 50% v/v metha-
nol, 10% v/v glacial acetic acid) to examine relative loading of all
samples. The Hsp90 antibody recognizes two bands; the top band
has been validated as Hsp90 using synthesized C. neoformans
Hsp90 protein(Marcyk et al. 2021). Hsp90 protein levels were
quantified using Fiji (Schindelin et al. 2012), normalized against
the nonspecific bottom band, and relative levels were compared
to wild type grown in YPD. All western blot experiments were per-
formed in biological duplicate to confirm data reproducibility.

Spot dilution assay
Wild-type and CTR4-2p-HSP90 strains were grown in liquid YPD
overnight at 30�C. Cells were washed with sterile water once, di-
luted to an OD600 of 0.5, and then 10-fold serially diluted four
times. Serial dilutions were spotted on YPD agar and YPD agar
supplemented with 25 mM CuSO4 or 200 mM BCS. The following
antifungals and stress-inducing reagents were added individually
to solid agar media: 0.5 mg/ml amphotericin B, 2 mg/ml flucona-
zole, 5 mM radicicol, 2 or 5 mM HSP990, 1 M NaCl, 1 M sorbitol,
15 mM dithiothreitol (DTT), 0.1 mg/ml tunicamycin, 0.02% SDS,
0.5 mg/ml calcofluor white (CFW), 3.5 mM H2O2, 25 mM MG132,
4 mg/ml benomyl, 100 mM hydroxyurea, and 0.04% methylmetha-
nesulfonate. For low pH-sensitivity, YPD medium was buffered
with 150 mM HEPES and pH adjusted to 4 and 6 with HCl prior to

autoclave. Due to poor solubility of CuSO4 in alkaline solution
(typically below 1 mM at pH 8), high pH sensitivity was not tested.
Plates were incubated at 30�C or 37�C for 2 days and then imaged
using ChemiDoc (BioRad). All experiments were performed in bio-
logical duplicate to confirm data reproducibility.

E-test strip assay
Wild-type and CTR4-2p-HSP90 strains were grown in liquid YPD at
30�C overnight, washed once with sterile water, and diluted to a
cell density of 108 cells/ml. Cell suspensions (100 lL) were spread
on YPD agar and YPD agar supplemented with 5 mM CuSO4 using
a sterile cotton swab. Amphotericin B and fluconazole E-test
strips (bioMérieux) were placed in the middle of agar plates.
Plates were incubated at 37�C for 6 days and were then imaged
using a ChemiDoc (BioRad).

Fluconazole cidality assay
Wild-type and CTR4-2p-HSP90 strains were grown in liquid YPD at
30�C overnight, washed once with sterile water, and diluted to a
cell density of 106 cells/ml in YPD alone or YPD supplemented
with 1 mg/ml fluconazole, 2 mM radicicol, 2 mM HSP990, 25 mM
CuSO4, or combinations as indicated. Cells were incubated at
37�C with shaking and CFU were determined by plating cells on
solid YPD media at 0-, 4-, 8-, and 24-h time points.

Propidium iodide staining and microscopy
Morphology of cells from overnight cultures of wild-type and
CTR4-2p-HSP90 strains at 37�C was observed and imaged using
the microscope Axio Imager.M1 (Carl Zeiss). To observe nuclear
morphology, cells were fixed in 70% ethanol at 4�C overnight,
washed once with NS buffer [10 mM Tris-HCl (pH 7.5), 250 mM su-
crose, 1 mM NaEDTA (pH 8.0), 1 mM MgCl2, 0.1 mM CaCl2, 0.1 mM
ZnCl2, 0.4 mM phenylmethylsulfonyl fluoride (PMSF), 7 mM b-
mercaptoethanol], and then stained in NS buffer with propidium
iodide (10 mg/ml) and RNase (1 mg/ml) at room temperature for 2
h. Propidium iodide signal was imaged using X-cite series 120
light source with the DsRed channel.

Melanin production
Melanin production was tested in biological duplicate on dopa-
mine medium [1 g L-asparagine, 1 g glucose, 3 g KH2PO4, 0.122 g
MgSO4, 1 mg thiamine, 5 mg biotin, and 100 mg L-DOPA (3,4-dihy-
droxy-L-phenyalanine) per liter]. Wild-type and CTR4-2p-HSP90
strains were grown in liquid YPD at 30�C overnight, washed once
with sterile water, and diluted to a density of 108 cells per ml.
Wild-type and mutant cells were 10-fold serially diluted and
spotted on dopamine medium and dopamine medium supple-
mented with 5 mM CuSO4. Wild-type cells were also 10-fold seri-
ally diluted and spotted on dopamine medium with or without
0.5 mM HSP990, 2 mM HSP990, 0.5 mM RAD, or 2 mM RAD. Agar
plates were incubated at 30�C or 37�C for 2 days. Melanin produc-
tion was imaged using ChemiDoc (BioRad).

Capsule production
Capsule production was measured in biological duplicate as pre-
viously described (Zaragoza and Casadevall 2004). In brief, wild-
type and CTR4-2p-HSP90 strains were grown in liquid Sabouraud
medium (Sigma) supplemented with 25 mM CuSO4 overnight at
30�C, washed once with sterile water, and 30 ml of cells were inoc-
ulated in 10% Sabouraud medium in 50 mM HEPES (pH 7.3) with
or without 25 mM CuSO4. After shaking for 48 h at 30�C, 500 ml of
cells were collected and concentrated in 20 ml H2O, mixed with
one drop of India ink, and 4 ml of cells were prepared on a glass
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slide and observed and imaged using the microscope Axio
Imager.M1 (Carl Zeiss). For each sample, capsule thickness was
measured for 50 cells from at least five different images using Fiji
(Schindelin et al. 2012). T-test with Welch’s correction was used to
determine statistical significance.

In vivo gene expression
Female 8-week-old A/J (Jax) mice were inoculated with KN99a or
CTR4-2p-HSP90 either intravenously or intranasally as described
below (n¼ 3 mice per group). Eight days post-inoculation, lungs
were harvested from intranasally inoculated mice and brains
were harvested from intravenously inoculated mice. Organs were
freeze dried and homogenized with 2.3 mm zirconia/silica beads
on a Mini-BeadBeater (BioSpec Products, Inc.). RNA was extracted
using TRIzol (Invitrogen) and chloroform, then purified using the
RNeasy Plus kit (Qiagen) following manufacturer’s instructions.
cDNA was synthesized from 500 ng of RNA with iScript cDNA
synthesis kit (BioRad) and 25 ng of resulting cDNA was used in
each reaction. Gene expression was measured by qRT-PCR using
iQ SYBR Green Supermix (BioRad) with a CFX96 Real Time system
(BioRad) then HSP90 expression was normalized to TEF1. To en-
sure primers amplified C. neoformans genes specifically, we used
cDNA from mock-infected mice administered PBS in lieu of fun-
gal cells. All primer pairs tested failed to amplify cDNA from
mock-infected tissues. T-test with Welch’s correction was used to
determine statistical significance.

Mouse model of cryptococcal infection
For pulmonary virulence studies, 8-week-old female A/J (Jax)
mice were inoculated with 5 � 104 CFU of KN99a or CTR4-2p-
HSP90 (n¼ 10 mice per group) in 50 ml PBS via intranasal instilla-
tion. For systemic virulence studies, 8-week-old female A/J (Jax)
mice were inoculated with 1 � 104 CFU of KN99a or CTR4-2p-
HSP90 (n¼ 10 mice per group) in 200 ml PBS by tail vein injection.
Mice were monitored for weight loss and disease symptoms daily
and were euthanized when they reached endpoint criteria, in-
cluding 10% weight loss. Mice were housed 5 per cage with access
to food and water. Percent survival was plotted on Kaplan-Meier
curve and Log-rank analysis was used to determine statistical
significance.

Ethics statement
All animal experiments were performed following the Guide for
the Care and Use of Laboratory Animals of the National Research
Council. The animal experiment protocols were approved by
Institutional Animal Care and Use Committee at the University
of Iowa (Protocol: 0092064).

Data and reagent policy
Strains and plasmids are available upon request. The authors af-
firm that all data necessary for confirming the conclusions of the
article are present within the article, figures, and tables.

Results
Generation of a regulatable expression system for
Cryptococcus neoformans HSP90
To characterize the function of Hsp90 in C. neoformans, we con-
structed a conditional expression allele of HSP90 under control of
the copper-suppressible promoter CTR4-2 (Figure 1A and
Supplementary Figure S1). Prior attempts to generate a regulat-
able expression system for C. neoformans HSP90 had been unsuc-
cessful, but upon close examination of the locus, we noted the

gene immediately upstream of HSP90, YPD1, is also essential,
with the intergenic sequence between the two being only 443
base pairs long (Supplementary Figure S1) (Lee et al. 2011).
Preceding the HSP90 coding sequence, an intron, which could in-
fluence HSP90 expression, was also noted (Janbon 2018). To avoid
disruption of YPD1 and the intron, we replaced 111 base pairs in
front of the HSP90 intron with the NAT-CTR4-2p construct
(Supplementary Figure S1). Transformants from a single trans-
formation were genotyped to confirm correct integration of the
promoter, and two colonies were selected for further characteri-
zation (Supplementary Figure S1). To verify the functionality of
the CTR4-2 promoter, we measured HSP90 transcript levels in
cells growing at the host-range temperature of 37�C in the ab-
sence and presence of added copper. While supplementation
with 25 mM CuSO4 had no significant effect on HSP90 expression
in the wild-type control, it significantly reduced HSP90 expression
in both transformants. In addition, supplementation with the
copper chelator bathocuproinedisulphonic acid (BCS) signifi-
cantly increased HSP90 expression compared to YPD medium
alone (Figure 1B), consistent with the chelator inactivating copper
normally present in the YPD medium (typically �1 mM) that was
impacting gene expression (Attar et al. 2020). To assess whether
alterations in transcript level manifested in changes in protein
level, we performed western blot analysis. Relative Hsp90 level
remained unchanged upon treatment with either copper or BCS
in the wild type, while the addition of copper to the CTR4-2p-
HSP90 strains resulted in a 60%–70% reduction relative to wild-
type levels of Hsp90 after culture at either 37�C or 30�C (Figure 1C
and Supplementary Figure S2A). Supplementation with BCS
resulted in Hsp90 protein levels in the mutant isolates similar to
those in wild-type and YPD-only controls (Figure 1C and
Supplementary Figure S2A). Overall, this characterization con-
firmed the successful generation of a regulatable expression sys-
tem for controlling HSP90 expression in C. neoformans.

With the successful generation of a conditional expression
mutant, a valuable tool to study essential gene function, we
wanted to confirm Hsp90 is essential in C. neoformans. To do so,
wild-type and CTR4-2p-HSP90 strains were serially diluted and
spotted onto agar plates in the absence or presence of 25 mM
CuSO4. Copper-mediated repression of C. neoformans HSP90
caused a significant growth defect at 37�C (Figure 1D) and a mar-
ginal defect at 30�C (Supplementary Figure S2B). Addition of the
structurally unrelated Hsp90 inhibitors radicicol or HSP990 fur-
ther exacerbated the growth defect phenotype of the CTR4-2p-
HSP90 strains in the presence of copper at both temperatures
(Figure 1D and Supplementary Figure S2B), consistent with the
principle that reduced dosage of an essential gene renders a
strain more susceptible to pharmacological inhibitors that target
that gene’s protein product (Xue et al. 2021). Thus, Hsp90 plays a
critical role in cellular growth in C. neoformans, and the CTR4-2
promoter system enables the study of HSP90 function in this
pathogen.

Hsp90 modulates fluconazole susceptibility of
C. neoformans
Hsp90 influences antifungal drug susceptibility in Candida and
Aspergillus species (Cowen and Lindquist 2005). Therefore, we
tested whether suppression of HSP90 potentiates amphotericin B
and fluconazole activity in C. neoformans. To do so, the C. neofor-
mans CTR4-2p-HSP90 strains were spotted onto rich medium in
the absence and presence of antifungal and copper. While copper
alone reduced growth of the HSP90 mutants, depletion of HSP90
increased sensitivity to fluconazole but not to amphotericin B
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compared with no-copper controls as well as the wild-type strain
at both 37�C and 30�C (Figure 2A and Supplementary Figure S3A).
Similarly, when strains were plated on rich medium with or with-
out copper in the presence of E-test strips releasing a concentra-
tion gradient of either amphotericin B or fluconazole, an
enhanced clearing zone was observed in the presence of copper
and the fluconazole E-test strip with the CTR4-2p-HSP90 strains
(Figure 2B). These results further support the conclusion that de-
pletion of HSP90 enhances fluconazole efficacy in C. neoformans.

While the azoles exhibit a fungistatic mode-of-action against
yeasts, use of this antifungal in combination with Hsp90 inhibi-
tors in Candida species results in a fungicidal combination
(Cowen et al. 2009). To examine whether this effect also occurs in
C. neoformans, we cultured wild-type and CTR4-2p-HSP90 strains
in the absence or presence of fluconazole and copper, and plated
aliquots at various time points to assess viable colony forming
units (CFU). Both pharmacological inhibition of Hsp90 (Figure 2C)
and genetic suppression of HSP90 (Figure 2D) caused an approxi-
mate one Log10 reduction in CFU after 24 h of drug exposure com-
pared to the initial inoculum, indicating that compromise of
Hsp90 enables fluconazole to kill Cryptococcus cells. Overall, our
results highlight a critical role for Hsp90 in azole tolerance of
C. neoformans.

Hsp90 helps maintain protein homeostasis and
genome stability
Hsp90 governs cellular responses to a plethora of environmental
stressors (Cowen 2009; O’Meara et al. 2019). To assess the impact
of depletion of Hsp90 on C. neoformans susceptibility to diverse

cellular stress, we tested wild-type strain and copper-regulated
HSP90 mutants against a panel of stressors, including osmotic
stress (NaCl and sorbitol), ER stress [dithiothreitol (DTT) and tuni-
camycin], cellular membrane stress (SDS), cell wall stress (CFW),
oxidative stress [hydrogen peroxide (H2O2)], proteotoxic stress
(proteosome inhibitor MG132), and low pH (pH 4) (Figure 3A and
Supplementary Figure S3B). While depletion of HSP90 had little
impact on most stresses examined, an increase in sensitivity to
SDS, MG132, and low pH was observed at both 37�C (Figure 3A)
and 30�C (Supplementary Figure S3). Notably, the sensitivity to
the proteosome inhibitor MG132 is consistent with global issues
of protein misfolding overwhelming the functional capacity of
Hsp90 (O’Meara et al. 2019; Hossain et al. 2020).

In C. albicans, Hsp90 is instrumental for cell cycle progression
and stability of the cyclin-dependent kinase Cdc28 such that per-
turbation of Hsp90 function increases sensitivity to cell cycle
inhibitors (Senn et al. 2012). To examine whether this phenotype
was conserved in C. neoformans, we also tested the wild-type
strain and copper-regulated HSP90 mutants for sensitivity to the
genotoxic stress-inducing agents benomyl, hydroxyurea, and
methyl methanesulfonate (MMS) (Figure 3B and Supplementary
Figure S4A). Depletion of HSP90 increased sensitivity to all three
compounds at 37�C (Figure 3A) and 30�C (Supplementary Figure
S4A), suggesting that Hsp90 plays a conserved role in cell cycle
progression in C. neoformans. Closer examination of the cells via
microscopy revealed abnormal polarized growth in the CTR4-2p-
HSP90 mutants in the presence of copper (Figure 3C and
Supplementary Figure S4B), with cells often displaying multinu-
cleate phenotypes (Figure 3C). Consistent with its role in other

Figure 1 Generation and characterization of a regulatable expression system for C. neoformans HSP90. (A) Schematic diagram showing the engineering of
the CTR4-2p-HSP90 strain. The red box between HSP90 and YPD1 indicates the targeted sequence to be replaced with the NAT-CTR4-2p cassette. (B,C)
Wild-type KN99a and two CTR4-2p-HSP90 colonies from a single transformation were grown in liquid YPD medium alone or with CuSO4 or BCS at 37�C
overnight. In the morning, strains were sub-cultured in the same liquid media and grown at 37�C for 5 h. Cells were harvested to examine (B) HSP90
expression levels by RT-PCR and (C) Hsp90 protein levels by western blot. (B) Relative level of expression for HSP90 was normalized to GPD1. Expression
was normalized to wild type in YPD alone. Error bars represent standard deviation of the mean for technical triplicates. *P � 0.05, **P � 0.01, and ***P �
0.001. (C) Hsp90 protein levels were normalized to nonspecific protein bands recognized by the anti-Hsp90 antibody and set relative to wild-type cells
grown in YPD alone. Fold changes of Hsp90 levels are listed above the western blot image and Coomassie stain of the membrane confirming equal
loading is shown below, which matches the pattern observed with the nonspecific band. (D) Wild-type and mutant cells from overnight cultures were
10-fold serially diluted and spotted on YPD agar or YPD agar supplemented with CuSO4 or BCS with or without Hsp90 inhibitors. Agar plates were
incubated at 37�C and imaged after 2 days.
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organisms, these findings suggest that Hsp90 may play a role in

cell-cycle progression in C. neoformans.

Hsp90 acts to support the virulence of
C. neoformans
Melanin and capsule production are two major virulence traits in

C. neoformans (Kwon-Chung et al. 2014). Thus, we wished to test

whether copper-mediated suppression of HSP90 in CTR4-2p-

HSP90 mutants would impair their induction. First, we focused

on melanin production. We observed a copper-dependent reduc-
tion in melanin production in CTR4-2p-HSP90 mutants at 37�C,
which was not observed in the wild-type control (Figure 4A), sug-
gesting that Hsp90 modulates melanin production in C. neofor-
mans. To confirm this observation, we tested melanin production
in wild-type cells in the presence of Hsp90 inhibitors HSP990 and
radicicol. Indeed, pharmacological inhibition of Hsp90 reduced
melanin production at 37�C, supporting the role of Hsp90 in regu-
lating this critical virulence phenotype (Figure 4B). Importantly,

Figure 2 Depletion of HSP90 increases sensitivity to fluconazole. (A) Wild-type and CTR4-2p-HSP90 strains were 10-fold serially diluted and spotted on
YPD agar and YPD agar supplemented with 25 mM CuSO4 with or without 0.5 mg/ml amphotericin B or 2 mg/ml fluconazole. Agar plates were incubated at
37�C and imaged after 2 days. (B) Wild-type and CTR4-2p-HSP90 strains were spread on YPD agar with or without 5 mM CuSO4, and an ETEST strip of
amphotericin B or fluconazole was placed in the center of the plate to test antifungal drug susceptibility. Plates were imaged after incubation at 37�C for
6 days. (C) Wild-type cells were inoculated at 1 � 106 CFU in liquid YPD medium in the absence or presence of fluconazole, radicicol, HSP990, or a
combination as indicated. Cells were cultured at 37�C and plated on YPD agar medium at 0, 4, 8, and 24 h postinoculation for CFU determination. Error
bars represent standard deviation of the mean for technical triplicates. (D) Wild-type and CTR4-2p-HSP90 strains were inoculated at 1 � 106 CFU in liquid
YPD medium in the absence or presence of fluconazole, CuSO4, or a combination as indicated. Cells were cultured at 37�C and plated on YPD agar
medium at 0, 4, 8, and 24 h postinoculation for CFU determination. Error bars represent standard deviation of the mean for technical triplicates.
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Figure 3 Depletion of HSP90 increases sensitivity to genotoxic stressors. (A) Wild-type and CTR4-2p-HSP90 strains were 10-fold serially diluted and
spotted on YPD agar medium or YPD agar supplemented with CuSO4 with or without individual stress-inducing reagents at the concentrations
indicated. (B) Wild-type and CTR4-2p-HSP90 strains were 10-fold serially diluted and spotted on YPD agar and YPD agar supplemented with CuSO4 with
or without genotoxic stress-inducing reagents at the concentrations indicated. Agar plates were incubated at 37�C and imaged after 2 days. (C) Wild-
type and CTR4-2p-HSP90 strains from overnight cultures grown in liquid YPD medium supplemented with 25 mM CuSO4 were stained with propidium
iodide (PI) to examine nuclear morphology. Cells with multiple nuclei are highlighted with white arrows. Scale bar represents 20 mm.
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this occurred at concentrations that had minimal impact on
growth, highlighting that the reduction in melanin production
was not merely due to growth inhibition.

Next, we examined the effect of depleting Hsp90 on capsule
production. Under capsule-inducing conditions, depletion of
HSP90 at 37�C resulted in a morphology consistent with a cytoki-
nesis defect, preventing us from assessing Hsp90’s role in capsule
production at 37�C (Supplementary Figure S5). Interestingly, at
30�C, addition of copper significantly reduced capsule thickness
of the wild-type strain but caused a significant increase in

capsule thickness in both CTR4-2p-HSP90 mutants (Figure 4, C
and D). This finding is in contrast to previous reports that phar-
macological inhibition of Hsp90 by radicicol in nutrient-limited
capsule-inducing media inhibits capsule production, which is
likely the result of growth defects upon Hsp90 compromise in
those conditions (Cordeiro et al. 2016; Chatterjee and Tatu 2017).

Finally, we asked whether Hsp90 contributes to the pathogenic
potential of C. neoformans in mice. Although the druggability of
Hsp90 has been well established, the poor potency of human-
targeted inhibitors against fungi coupled with the toxicity

Figure 4 Hsp90 modulates melanin and capsule production, and depletion of HSP90 attenuates virulence in a pulmonary model of cryptococcal
infection. (A) Wild-type and CTR4-2p-HSP90 cells were 10-fold serially diluted and spotted on L-DOPA agar medium with or without CuSO4. (B) Wild-type
cells were 10-fold serially diluted and spotted on L-DOPA agar medium with or without Hsp90 inhibitors at the concentrations indicated. Agar plates
were incubated at 30�C or 37�C and imaged after 2 days. (C) Representative images of India ink-stained wild-type and CTR4-2p-HSP90 strains show
capsule production. Cells were grown in 10% Sabouraud media in 50 mM HEPES (pH7.3) with or without CuSO4 at 30�C for 48 h. Scale bar represents 10
mm. (D) Capsule thickness was measured (N ¼ 50) for samples shown in A. **** P � 0.0001. (E) Lungs were harvested from intranasally (IN, gray bars)
inoculated mice and brains from intravenously (IV, black bars) inoculated mice (n ¼ 3 per group). For each sample, relative gene expression levels were
measured by qRT-PCR and expression levels for HSP90 normalized to the expression levels of the constitutively expressed gene TEF1. Results were then
normalized to the HSP90 expression level determined for wild-type KN99a in brains of intravenously inoculated mice. * P � 0.05. (F,G) A/J mice were
inoculated intranasally (F) or intravenously by tail vein injection (G) with the wild-type or CTR4-2p-HSP90 strain (n¼ 10 mice per group). Mice were
monitored for disease progression. *P ¼ 0.0013, n.s. ¼not significant.
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associated with inhibiting host Hsp90 have precluded these com-
pounds from being tested as antifungals in vivo. In C. albicans, ge-
netic depletion of Hsp90 has provided proof-of-principle that
targeting this chaperone has great therapeutic potential to treat
systemic candidiasis (Cowen et al. 2009), but analogous experi-
ments in C. neoformans have yet to be performed. To assess
whether C. neoformans HSP90 is important for virulence in vivo, we
took advantage of the fact that copper concentrations vary
widely in different tissues within a mammalian host. As evi-
dence, the copper transporter gene CTR4 is expressed by C. neofor-
mans at a constant low level in fungus growing in the lungs of
mice, but is expressed at a high level in fungus isolated from the
central nervous system due to the different physiological copper
concentrations present at these sites (Steen et al. 2003; Ding et al.
2013). Thus, we hypothesized that a CTR4-2p-HSP90 mutant
would display growth defects in a mouse lung but not in the
brain. Indeed, compared to the parental wild-type strain, HSP90
expression was significantly reduced in the CTR4-2p-HSP90 mu-
tant strain when isolated from the lung (Figure 4E) and we ob-
served significantly attenuated virulence for this mutant relative
to the wild-type control upon intranasal inoculation (Figure 4F).
By this route of administration, the fungus must first establish
infection in the lungs prior to lethal systemic dissemination. In
contrast, HSP90 expression was significantly increased in the
CTR4-2p-HSP90 mutant when isolated from the brain (Figure 4E)
and the mutant displayed no virulence defect compared to wild
type upon intravenous inoculation (Figure 4G). By this route of
administration, C. neoformans rapidly disseminates directly to the
brain. Overall, the results strongly support the importance of
Hsp90 as an enabler of virulence in C. neoformans.

Discussion
The human fungal pathogen C. neoformans poses a major burden
on human health, with treatment options limited to only two
major antifungal classes. Essential genes that are required for
survival serve as optimal targets for novel antifungal develop-
ment (Iyer et al. 2021). In several fungal species, including the
model yeast Saccharomyces cerevisiae and the distantly related fun-
gal pathogen C. albicans, it is estimated that �20% of the open
reading frames in their genomes are essential (Winzeler et al.
1999; Segal et al. 2018). In contrast, only a small number of essen-
tial genes have been identified and characterized in C. neoformans
due to the technical challenges of genetic manipulation in this
organism (Ianiri and Idnurm 2015; Iyer et al. 2021). In this study,
we generated the first conditional expression mutant for Hsp90,
a critical stress-response regulator that has shown great promise
as an antifungal target in Candida and Aspergillus (Cowen and
Lindquist 2005; Cowen et al. 2009). The successful generation of
conditional isolates provided the opportunity to directly assess
the biological functions of Hsp90 in C. neoformans. Although sup-
plementation with even a high concentration of copper did not
completely repress HSP90 expression, it was sufficient to cause a
severe growth defect upon culturing conditional mutants at the
physiological temperature of 37�C. Addition of well-validated
Hsp90 inhibitors further exacerbated the growth defect of the
strains in the presence of copper, confirming the important role
of Hsp90 in supporting the growth and survival of C. neoformans.

While the genetic manipulation of C. neoformans has tradition-
ally required the use of biolistic transformation techniques, the
application of CRISPR-Cas9 has largely alleviated the technical
challenges associated with mutant construction. Genomic
resources including a �1500-gene deletion mutant library have

been generated in C. neoformans to study phenotypes associated
with nonessential genes (Brown et al. 2014), however, methods for
studying essential genes in C. neoformans have relied on only a
few well-characterized regulatable promoters (Ory et al. 2004;
Ruff et al. 2009; Fan and Lin 2018). The copper suppressive pro-
moter CTR4-2 has been employed to study essential gene func-
tions both in vitro and in vivo, and thus was selected to regulate
HSP90 expression in this study (Chayakulkeeree et al. 2007). The
intergenic environment upstream of HSP90 presented a chal-
lenge, as there is a very short intergenic sequence between HSP90
and yet another essential gene, YPD1. Thus, the available geno-
mic space for inserting a drug resistance marker and the CTR4-2
promoter upstream of HSP90 had to be meticulously assessed to
avoid unintended disruptions. While construction of this condi-
tional expression mutant has been a valuable breakthrough for
the study of Hsp90 in C. neoformans, we were unable to achieve
complete transcriptional repression of the chaperone. In the fu-
ture, it may be worth adapting and optimizing alternative condi-
tional expression systems, including the tetracycline-repressible
expression system (Roemer et al. 2003), in order to more tightly
regulate HSP90 expression in C. neoformans and avoid copper-
induced artifacts.

Utilizing the CTR4-2 promoter, depletion of HSP90 confirmed
previous observations based on chemical inhibitors that Hsp90
modulates key virulence phenotypes and antifungal drug toler-
ance in C. neoformans (Cordeiro et al. 2016; Chatterjee and Tatu
2017). However, the mechanisms by which Hsp90 regulates these
traits require further exploration. One of the key traits is the abil-
ity of fungal pathogens to survive host temperature (Garcia-
Solache and Casadevall 2010), and here we provided clear evi-
dence that Hsp90 is required for growth at host-range tempera-
ture in C. neoformans, thereby expanding the repertoire of genes
implicated in thermal adaptation in this pathogen (Yang et al.
2017). It remains to be defined exactly how Hsp90 influences the
activity of its client proteins to enable thermal adaptation in
C. neoformans. Another key trait of fungal pathogens is the ability
to develop antifungal drug tolerance and resistance. In C. albicans,
Hsp90 modulates cellular responses to antifungals by stabilizing
components of the Pkc1-MAPK and calcineurin stress-response
pathways (Cowen and Lindquist 2005; Cowen et al. 2009; Shapiro
et al. 2009). Calcineurin is a conserved nonessential protein phos-
phatase critical for morphogenesis, drug resistance, and viru-
lence in multiple Candida species (Cruz et al. 2002; Blankenship
et al. 2003; Chen et al. 2011, 2012, 2014; Zhang et al. 2012). In C. neo-
formans, calcineurin governs both morphogenesis during sexual
reproduction and growth at host temperature (Odom et al. 1997;
Cruz et al. 2001). Calcineurin inhibitors also synergize with flu-
conazole against C. neoformans (Del Poeta et al. 2000), and thus, in-
vestigating whether Hsp90 stabilizes this regulator to modulate
C. neoformans virulence would be an interesting avenue to pursue.
Our HSP90 conditional expression system provides an opportu-
nity to elucidate Hsp90 chaperone-mediated regulatory mecha-
nisms in C. neoformans to broaden the antifungal drug
development target space.

Hsp90 functions as a signaling hub, stabilizing various signal
transducers that modulate key fungal virulence phenotypes
(Cowen and Lindquist 2005; Shapiro et al. 2009; O’Meara et al.
2019; Hossain et al. 2020). In C. albicans, Hsp90 modulates mor-
phological transitions via the Ras1-PKA signaling pathway, as
well as the cyclin-dependent kinase Pho85, cyclin Pcl1, and tran-
scription factor Hms1 (Shapiro et al. 2009, 2012). In C. albicans,
Hsp90 client proteins also include regulators that play important
roles in cell-cycle progression and morphogenesis (Hossain et al.
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2021). In S. cerevisiae, cell cycle is regulated by the oscillatory ex-
pression of stage-specific cyclins that bind to and activate the
master cyclin-dependent kinase (CDK) Cdc28 (Lew et al. 1997). In
C. albicans, inhibition of Hsp90 destabilizes Cdc28 leading to cell
cycle arrest and morphogenesis defects (Senn et al. 2012).
Filaments induced by compromise of Hsp90 function pharmaco-
logically, genetically, or by increasing proteolytic stress, are mul-
tinucleate as a result of mis-regulation of cell cycle progression
(Veri et al. 2018; Hossain et al. 2020). Interestingly, we found that
depletion of HSP90 in C. neoformans resulted in an apparent cyto-
kinesis defect and the formation of multinucleated elongated
cells, suggesting Hsp90 may have a conserved function in cell cy-
cle progression in C. neoformans. Unique to C. neoformans, the cell
cycle is differentially regulated during the formation of polyploid
titan cells, which are gigantic cells that form inside host lungs
and play important roles in pathogenesis, stress responses, and
drug tolerance (Okagaki et al. 2010; Zaragoza et al. 2010). The ma-
jor pathway regulating titan cell formation is the cAMP/PKA/
Rim101 signaling cascade (Dambuza et al. 2018; Hommel et al.
2018; Trevijano-Contador et al. 2018), and many signal trans-
ducers in these pathways are regulated by Hsp90 in C. albicans
(O’Meara et al. 2017). Cell cycle regulators Pho85 and Pcl1 have
also been shown to be involved in the endoreplication pathway
during auto-diploidization in C. neoformans (Fu et al. 2021). Thus,
it is possible that components of Hsp90 regulatory circuitry are
involved in titan cell formation during host infection and contrib-
ute to C. neoformans virulence.

Here, the CTR4-2 promoter offered, for the first time, the op-
portunity to directly assess Hsp90’s involvement in C. neoformans
virulence. By relying on differential physiological copper concen-
trations within different tissues, we were able to regulate HSP90
expression in vivo. We observed attenuated virulence in an inha-
lation infection model where the CTR4-2 promoter repressed
HSP90 expression in lung tissue where copper levels are high
(Ding et al. 2013). In contrast, in the systemic infection model,
HSP90 expression remained high due to the relatively low copper
environment found in blood and brain (Champika 2018), and
thus, we did not observe attenuated virulence for the mutant
strain. Overall, this work provides a valuable genetic tool to assist
in the development of Hsp90 inhibitors with activity against
Cryptococcus.

Data availability
Supplementary material is available at GENETICS online.
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