e Acta Biochim Biophys Sin 2023, 55(4): 540-547
ABBS https://doi.org/10.3724/abbs.2023011
—_— Advance Access Publication Date: 22 February 2023

_ Review
Review

Combating increased antifungal drug resistance in
Cryptococcus, what should we do in the future?

Hengyu Deng'', Jialin Song'', Yemei Huang?, Chen Yang?3, Xuelei Zang?, Yangyu Zhou?,
Hongli Li', Bin Dai?, and Xinying Xue'2*

1Affiliated Hospital of Weifang Medical University, School of Clinical Medicine, Weifang Medical University, Weifang 261053, China,
2Department of Respiratory and Critical Care, Beijing Shijitan Hospital, Capital Medical University; Peking University Ninth School of Clinical
Medicine, Beijing 100089, China, and 3Department of Laboratory Medicine, the First Medical Centre, Chinese PLA General Hospital, Beijing
100853, China

These authors contributed equally to this work.

*Correspondence address. Tel: +86-10-63926750; E-mail: xuexinying2988@bjsjth.cn

Received 6 September 2022 Accepted 8 December 2022

Abstract

Few therapeutic drugs and increased drug resistance have aggravated the current treatment difficulties of Cryp-
tococcus in recent years. To better understand the antifungal drug resistance mechanism and treatment strategy of
cryptococcosis. In this review, by combining the fundamental features of Cryptococcus reproduction leading to
changes in its genome, we review recent research into the mechanism of four current anti-cryptococcal agents,
coupled with new therapeutic strategies and the application of advanced technologies WGS and CRISPR-Cas9 in

this field, hoping to provide a broad idea for the future clinical therapy of cryptococcosis.
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Introduction

Cryptococcus spp. are basidiomycete yeasts. Among them, Crypto-
coccus neoformans (C. neoformans) and Cryptococcus gatti (C.
gatti) are the main pathogenic types that can infect humans and
cause cryptococcal pneumonia and cryptococcal meningitis [1].
According to a 2017 survey, there are approximately 180,000 deaths
from cryptococcal meningitis annually worldwide [2]. The high
mortality may be caused by the evolution of strain virulence or drug
resistance. Then, how does Cryptococcus develop drug resistance?
This may be due to a combination of the following pathways:
altered drug targets or overexpression resulting in decreased
intracellular drug accumulation or increased drug efflux; altered
cell membrane or cell wall components; and activation of cellular
stress response pathways [3,4]. Most of the above resistance
mechanisms are associated with mutations in genetically related
genes, resulting in genotypic changes. This is especially true in
Cryptococcus, which has a bipolar mating system. The mating type
locus (MAT) and two selectable alleles constitute two compatible
mating types: MATa and MATa. It reproduces bisexually after a-a
mating, and MATa cells can also reproduce unisexually [5].
Genomic rearrangement and altered ploidy resulted from asexual

reproduction can lead to increased drug resistance in strains.
However, compared to offspring produced by asexual reproduction,
the offspring produced by sexual reproduction exhibit genotypic
and phenotypic diversity and achieve rapid adaptability to
environmental evolution [6].

In this review, we discussed the mechanisms of resistance to four
commonly used drugs (azoles, polyenes, flucytosine, and echino-
candins) and the strategies to cope with drug resistance, hoping to
provide feasible therapeutic targets for the research and develop-
ment of new drugs.

Drug-resistance Mechanisms of Cryptococcus
Mutations in several main genes found to be associated with resistance
to these four classes of drugs are as follows: (i) ERG11, AFR1, MSH2,
and YAP]I for fluconazole (FLC) resistance; (ii) ERG11 and HOBI for
amphotericin B (AMB) resistance; (iii) FCYI, FCY2, FURI, UXSI,
URA6, UGDI1 and NRGI for 5-fluorocytosine (5-FC) resistance; and
(iv) FKSI and CDCS50 for caspofungin resistance (Figure 1).

Azole resistance
Since the late 1960s, azole has become an important first-line drug
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Figure 1. The mechanisms of drug resistance in Cryptococcus

candins

1. Azoles inhibit lanosterol 14A-demethylase encoded by the Erg17 gene, altering

the normal sterol synthesis pathway. 2. Polyene drugs damage cell integrity by binding with ergosterol. 3. Pyrimidine analogs inhibit DNA and
protein synthesis. 4. Echinocandins inhibit key enzymes for cell wall synthesis encoded by the FKS7 gene and destroys cell integrity. The dotted

line indicates the drug’s inherent resistance to echinocandins.

in clinical antifungal therapy after miconazole became available.
The representative drug fluconazole binds to the heme group at the
active site and can inhibit lanosterol 14o-demethylase which is
encoded by ERGI1. Blocking the synthesis of a key component of
fungal cell membrane ergosterol destroys the stability and perme-
ability of the cell membrane and the function of the membrane-
binding enzyme. Fluconazole has only fungistatic activity in C.
neoformans; therefore, in the long-term treatment of Cryptococcus
infection with fluconazole, Cryptococcus has the potential to
acquire fluconazole resistance [7].
Duplication of multiple chromosomes
FLC can penetrate well into cerebrospinal fluid with minimal toxic
effects and can be used in the maintenance phase of treatment for
cryptococcal meningitis in AIDS patients. However, drug resistance
has increased due to long-term use [8]. The earliest discovery of
drug resistance in azole was from a culture strain that was isolated
from a patient with recurrent meningitis. This resistance turned out
to be inherent [9]. The results of genomic hybridization and
quantitative real-time PCR showed that C. neoformans adapted to
high FLC concentrations by replicating multiple chromosomes.
Replication of chromosome 1 is closely related to its two resident
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genes: ERGI1, the target gene of FLC, and AFRI, the main gene
encoding the drug transporter of azole in C. neoformans [10]. In
addition to chromosome 1, chromosome 4 is the second most
susceptible to diploid formation under high FLC concentrations
[11]. Cryptococcus can improve its resistance to fluconazole drugs
through changes in chromosome ploidy, enabling it to grow at a
level higher than the minimal inhibitory concentration (MIC) of
FLC, which is also the unique mechanism for Cryptococcus to
develop drug resistance to azole.
Gene mutation and point mutation
Analysis of an FLC-resistant strain isolated from the cerebrospinal
fluid of recurrent cryptococcal meningitis patients showed that
there is a point mutation responsible for the amino acid substitution
G484S in ERGI11 [12]. Another study identified that there is a single
missense mutation of ERGI11 substituting tyrosine with phenylala-
nine at amino acid 145 (Y145F), which resulted in high FLC
resistance of the C. neoformans strain [13]. The transcription factor
Yap1 coexists with the ERG11 and AFRI genes on chromosome 1,
which are essential for FLC resistance in the wild-type strain. Yap1l
plays a unique biological role in FLC resistance in the wild-type C.
neoformans strain, and mutant strains of C. neoformans lacking
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YAP1 are hypersensitive to a range of oxidative stress agents but
importantly also to fluconazole [14]. In addition, the emergence of
drug resistance is not limited to mutations in the above genes. By
identification of deletion mutants and determination of ploidy
changes through whole-genome sequencing (WGS), Albehaijani
found that only MSH2 gene mutations occurred in the genome of
drug-resistant strains, and no mutations in ERG11 or other genes of
the ergosterol biosynthesis pathway were involved [15]. Boyce et al.
[16] used WGS analysis to compare the mutation frequencies of
eight mismatch repair pathway deletions and demonstrated that
common deletions in three genes, MSH2, MLHI, and PMSI,
resulted in increased mutation rates in C. neoformans. Due to the
microevolution of mutations, phenotypic variation occurs in traits
related to growth ability in vivo, which is a significant contributing
factor to the development of antifungal resistance [16].
Upregulation of gene expression.

AFR1, AFR2, and MDRI are involved in encoding ATP binding
cassette transporters (ABCTs) in C. neoformans. It reduces the
intracellular accumulation of drugs by increasing drug efflux,
leading to drug resistance [17,18]. Brunella et al. [19] used cDNA
subtractive library technology to delete the AFRI gene in a resistant
strain of (BPY22.17), and their data first demonstrated that
overexpression of AFRI is a major factor causing increased
resistance to azole antibiotics in C. neoformans. By identifying
mutants with altered FLC sensitivity or an increased frequency of
FLC heteroresistance, Chang et al. [20] demonstrated that AFRI was
positively regulated by the transcription factors Crz1 and Yapl in C.
neoformans, and AFR1 expression was upregulated under high FLC
concentrations.

Polyene resistance

The gold standard antifungal regimen for the treatment of
cryptococcosis is a combination of the polyene macrolide ampho-
tericin B (AMB) with 5-fluorocytosine (5-FC) [21]. AMB has been
used alone to treat cryptococcal meningitis for a long time, but
polyene resistance is extremely rare [22]. This may be explained by
the fact that compared with most of other anti-cryptococcus drugs,
the targets of polyene drugs are not essential enzymes but major cell
membranes [23]. AMB, by directly combining with the plasma
membrane of ergosterol rather than destroying the ergosterol
biosynthesis pathway [24], binds to ergosterol and participates in
the formation of transmembrane channels, resulting in the leakage
of cellular ions such as K*, Na*, Cl- and H*, ultimately leading to
the disruption of Cryptococcus [25].

Genetic mutation may cause abnormal sterol synthesis
Changes in sterol composition in the fungal cell membrane are the
most common mechanism of AMB resistance. Kelly et al. [26] first
observed that sterolA8—7 isomerase was associated with resistance
to AMB in the clinic, whose abnormal synthesis blocked the
biosynthesis of ergosterol, and the failure of AMB treatment was
associated with sterol alterations similar to ERG2 mutations of S.
cerevisiae. Moreover, long-term use of AMB can lead to changes in
sterol biosynthesis and produce cross-resistance with azole drugs
[26].

Transcription factors can regulate gene expression
Deletions of some transcription factors modulate azole and polyene
sensitivity in opposite ways, probably because they may directly
control the expression of ERG11 and sterol biosynthesis, influencing
the binding ability of polyene with sterol. Previously, the transcrip-

tion factors (TFs) Srel and Mbsl were shown to regulate the
expression of ERG11. Srel, a key sterol-regulated TF, plays a role in
the oxygen-sensing pathway. It triggers membrane binding to Srel
by cleavage of the activator protein Scpl under hypoxic conditions
as part of the sterol regulatory element-binding protein in C.
neoformans [27,28]. Mbsl, a gene that negatively regulates basal
ERGI11 expression, and the results showed that these two TF
deletions can increase azole resistance but decrease polyene
resistance in C. neoformans [29]. To prove whether other TFs
participate in the regulation of ERG11 expression levels, Jung et al.
[30] demonstrated that the basal expression level of ERGI1 was
significantly increased in hobI gene deletion mutants. Additionally,
the TF HOBL is also involved in the regulation of other ERG genes.
The tight regulation of ERG expression appeared to be mostly absent
in the hoblA mutant, suggesting that Hobl is a key regulator of
ergosterol gene expression [30].

Flucytosine resistance

Since 1968, 5-FC, the second class of drugs approved for antifungal
therapy after amphotericin B, has been used for the treatment of
cryptococcosis in humans [31]. 5-FC is one of the most commonly
used antifungal drugs in the treatment of cryptococcosis. It acts as a
prodrug to enter cells by the cytosine permeability of FCY2. 5-FC is
not inherently toxic; however, it is converted to toxic 5-fluorouracil
(5-FU) by cytosine deaminase after being taken up by fungal cells,
which is an enzyme not present in human cells encoded by FCYI
[32]. 5-FU is further processed by uracil phosphoribosyltransferase
(URPT), a product encoded by the FURI gene, and inhibits the
synthesis of pathogen DNA and proteins [33]. Using 5-FC alone is
highly susceptible to resistance. Therefore, it is usually used in
combination with other antifungal agents. Combination with AMB
is the basic principle of current guidelines for the treatment of
cryptococcal meningoencephalitis [34].

Gene deletion mutations

The earliest studies showed that deletion mutations in either the
FCYI or FCY2 genes could lead to increased resistance of C.
neoformans to 5-FC. Resistance in fcyl/fcyl strains was associated
with decreased UMP pyrophosphorylase activity, whereas resis-
tance in FCY2/FCY2 strains was related to decreased cytosine
deaminase activity [35]. DNA mismatch repair defects lead to an
increased mutation rate of isolates, especially C. gattii, which is
more prone to develop drug resistance to 5-FC. Recently, a study
identified mutations associated with 5-FC resistance in vitro by
whole-genome sequencing of 16 independent isolates, including
mutations in UXS], in addition to the known resistance genes FURI
and FCY2. UXSI encodes an enzyme that converts UDP glucuronic
acid to UDP xylose for capsule biosynthesis. Mutations in UXS1
result in UDP glucuronic acid accumulation and altered nucleotide
metabolism. As a result, they speculated that this may suppress the
toxicity of both 5-FC and its toxic derivative 5-FU [36]. Ura6
catalyzes the seventh enzymatic step in the de novo biosynthesis of
pyrimidines, which converts uridine monophosphate into uridine-
S'-diphosphate in S. cerevisiae [37]. The resulting strain C2080
containing the URAGY!7?L variant by molecular manipulations
through homologous integration displayed a markedly higher MIC
than the wild type. This indicated that URA6 contributes to 5-FC
susceptibility, which has not been implicated in other fungi [38].
Formation of aneuploidy and transcriptional regulation
Cryptococci develop resistance to 5-FC at a high frequency when
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exposed to concentrations several-fold above the minimal inhibi-
tory concentration. Chang et al. [38] defined chrl duplication as the
major cause of increased copies of the AFRI gene, which also
contributes to the 5-FC resistance of some strains. Unfortunately,
the mechanism is still unclear. uxslA may accumulate UDP-
glucuronic acid, which appears to downregulate the expression of
permease FCY2 and reduce cellular uptake of the drug. Mutations in
the genes UGDI (UDP-glucuronic acid synthesis) or NRGI(TF)
suppress UDP-glucuronic acid accumulation and 5-FC resistance in
uxslA [38].

Echinocandin resistance

Caspofungin, a representative drug of echinocandins, as the latest
generation of antifungal drugs, targets the cell wall structure that is
not found in mammalian cells. Such drugs disrupt cell wall integrity
by blocking the production of B-1,3-glucan synthase, which is
encoded by the FKSI gene, leading to osmotic pressure imbalance in
fungal cells and rupture [39]. The C. neoformans FKSI sequence is
closely related to the FKSI sequences from other fungal species and
appears to be a single copy in C. neoformans. In addition, amino
acid residues known to be critical for echinocandin susceptibility in
Saccharomyces are conserved in the C. neoformans FKS1 sequence,
resulting in natural resistance to echinocandin antibiotics of
Cryptococcus [40]. The mechanism of resistance of Cryptococcus
to echinocandins is described in the following sections, which may
provide a deeper understanding of how the intrinsic resistance of
Cryptococcus is generated.

Gene mutation

Mutation of the FKSI gene alters the sensitivity of glucan synthase
to echinin. Huang et al. [41] screened gene disruption and gene
deletion libraries for mutants sensitive to caspofungin, identifying a
mutation of CDC50, which encodes the B-subunit of membrane lipid
flippase. Cdc50 protein is located in membranes, and its absence
leads to plasma membrane defects and enhances caspofungin
penetration into the cell, potentially explaining the increased
caspofungin sensitivity. Loss of CDC50 also results in hypersensi-
tivity to FLC. In addition, genetic analysis showed that the erg2
vphl double mutant was more sensitive to micafungin than any
single mutant, according to the analysis of a micafungin-resistant
strain isolated from micafungin-sensitive ERG mutants [42]. This
suggests that these two genes act differently in the resistance to
micafungin.

The drug induces cell wall stress by inhibiting B-1,3-glucan
synthase. The calcineurin pathway [43], cell wall integrity (CWI)
pathway [44], high osmolarity glycerol (HOG) pathway [45], and
Hsp90 protein [46] enable cells to adapt to cell wall stress through
cell wall compensatory biosynthesis and remodelling. Cdc50
interacts with the calcium channel Crm1 to regulate intracellular
calcium homeostasis and calcineurin signaling, which may drive
resistance to caspofungin in C. neoformans [47].
Posttranscriptional regulation
Puf4 is a member of the pumilio/FBF RNA-binding protein family
involved in the regulation of endoplasmic reticulum stress in C.
neoformans [48]. Puf4 participates in promoting inherent resistance
to caspofungin through posttranscriptional regulation of FKSI
mRNA in C. neoformans. Puf4A mutant strains showed increased
resistance to caspofungin; in contrast, overexpression of Puf4
resulted in caspofungin sensitivity. In addition to FKSI, the
abundance of other cell wall biosynthesis genes, including chitin
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synthase (CHS3, CHS4, and CHS6) and deacetylase (CDAI, CDA2,
and CDA3) and pB-1,6-glucan synthase gene (SKN1), are regulated
by Puf4 [49].

In summary, the emergence of drug resistance is the result of the
long-term microevolution of Cryptococcus, which includes the
accumulation of multiple gene mutations that can change stress
signal transduction, membrane transport, epigenetic modification,
and chromosomal formation.

Strategies for the Future Treatment of Cryptococcosis
New therapies and the development of new drugs are urgently
needed to improve the current treatment of Cryptococcus,
especially as resistance evolves. Therefore, to improve efficacy
and avoid drug resistance, new drug targets must be explored in the
process of developing new drugs (Figure 2).

Combination therapy
AR-12 is an antifungal derivative of celecoxib that competitively
inhibits essential acetyl-CoA synthase in fungi. Therefore, acetyl-
CoA synthase has become a potential therapeutic target [50]. AR-12
can reduce the fungal burden in the brain of the mouse
cryptococcosis model as a sensitizer in combination with FLC [51].
The biofilms formed by Cryptococcus are tolerant to the host
immune system and antifungal agents [52,53]. The antifolate
combination of sulfamethoxazole/trimethoprim (SMX/TMP) and
sulfamethoxazole/pyrimidine (SDZ/PYR) has an inhibitory effect
on the biofilms of C. neoformans and C. gattii. They can also
enhance the susceptibility of Cryptococcus to amphotericin B by
reducing ergosterol content in C. neoformans and C. gattii [54]. Kim
et al. [55] indicated that mutants lacking iron oxidase (encoded by
the Cfol gene) showed reduced intracellular iron levels and
decreased ergosterol biosynthesis in C. neoformans, leading to
increased sensitivity to several azole drugs. Therefore, iron plays a
key role in antifungal susceptibility, and combining iron-chelating
agents with fluconazole can synergistically inhibit the growth of C.
neoformans [55]. In summary, combination therapy can not only
enhance the efficacy of drugs but also slow the development of drug
resistance. Therefore, it is a good treatment strategy.

Coping with stress response

The stress response is a key strategy for C. neoformans survival
under antifungal treatment, and inhibition of Hrkl increases
susceptibility to azole drugs. The HOG pathway controls the
expression of ergosterol biosynthesis genes, such as ERGII,
affecting sensitivity to polyenes and azole drugs. Recently, a
transcriptomic analysis of the HOG pathway identified the Hogl
regulatory gene Hrkl, which encodes a putative protein kinase.
Inhibition of Hrk1 significantly increases sensitivity to azole drugs
and has the potential to be a novel strategy for combined antifungal
therapy [56].

The FK506 analog compensates for the immunosuppression of
traditional calcineurin inhibitors, thus allowing the development of
new antifungal agents [57]. Further analysis demonstrated that
tryptanthrin exerted fungistatic and potent antifungal activity at
elevated temperatures. It exerts antifungal activity by interfering
with the cell cycle and signaling pathways through various
transporters and signaling pathways. In addition, tryptanthrin
exhibited a synergistic effect with FK506 and cyclosporine A against
C. neoformans, which could be a potential drug or adjuvant to treat
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Figure 2. New targets for the treatment of Cryptococcus infection Combination therapy (green). AR-12 inhibits acetyl-CoA synthase. Antifolate
drugs inhibit biofilm production. Iron oxidase encoded by the CofT gene can bind to intracellular iron. Coping with stress response (yellow). The
FK506 analog and eltrombopag inhibit the calcineurin pathway. Aminopyrazole and mycograb inhibit the Hsp90 protein pathway. Addressing
virulence factors (pink, gray, and purple). Immunomodulation with monoclonal antibodies against the capsule. Trifluoperazine is effective in
melanized cells. PI-PLC regulates the release of Plb1. CPS17 encodes hyaluronic acid synthase, and its product HA prevents Cryptococcus from
entering the CNS. Urease-negative transformant caused by deletion of ure? reduces the fungal burden on the brain and mortality in mice.

cryptococcosis [58]. Eltrombopag exhibits excellent antifungal
activity against cryptococcal species, probably through its effects
on virulence factors and calcineurin pathways, suggesting that
eltrombopag can be effectively repurposed as an antifungal agent
for the treatment of cryptococcosis [59]. Huang et al. [60] developed
a series of synthetic aminopyrazole-substituted resorcylate amides
with broad, potent, and fungal-selective Hsp90 inhibitory activity,
replacing the concomitant host toxicity issues of traditional Hsp90
inhibitors. A previous study showed that Hsp90 inhibitors
combined with azole drugs can enhance its antifungal activity
[61]. Mycograb, a genetically recombinant human antibody against
Hsp90, exhibits significant synergistic effects when combined with
AMB, caspofungin, and FLC [62].

Addressing virulence factors

Some studies have shown that capsule, melanin, survival at
physiological temperature, and secretion of various extracellular
proteins are closely related to the pathogenicity of Cryptococcus
[63].

Capsule

The Cryptococcus polysaccharide capsule is a major virulence
factor due to its resistance to innate immunity. Clarithromycin, a
macrolide drug, may contribute to inhibiting capsule formation
through the MAPK signaling pathway and inhibiting toxic genes.

Therefore, it may be a useful adjunct drug for the treatment of
refractory C. gattii infection [64]. In addition, immunomodulation
with monoclonal antibodies against the capsular polysaccharides
glucuronoxylomannan and melanin has also yielded promising
results in animal models [65]. A recent study used glucan particles
(GPs) as a combined delivery system and adjuvant for Cryptococcus
vaccines. Four vaccine candidates (GP-CDA1, GP-CDA2, GP-CDA3,
and GP-SOD1) all showed significant survival advantages in at least
one mouse model [66].

Melanin

Melanized Cryptococcus cells showed low sensitivity to AMB and
caspofungin [67]. The antipsychotic drug trifluoperazine is effective
in killing melanized cells, and this drug has been in the stage of
clinical validation [68].

Extracellular enzymes

Phosphatidylinositol-specific phospholipase C (PI-PLC) is a central
regulator of cryptococcal virulence, acting through the protein
kinase C/MAPK pathway. It regulates the release of Plbl from the
plasma membrane, which is a candidate antifungal drug target [69].
Experiments showed that treatment with hyaluronidase resulted in
a reduction in the level of C. neoformans binding to human brain
microvascular endothelial cells (HBMECs). As a result, Jong et al.
[70] demonstrated that C. neoformans CPS1 encodes hyaluronic
acid synthase and that its product, hyaluronic acid (HA), plays a
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role as an adhesion molecule during the association of endothelial
cells with yeast. This study also demonstrated that hyaluronidase
treatment of yeast reduced the binding level of C. neoformans to
human microvascular endothelial cells, thereby preventing Crypto-
coccus from entering the central nervous system [70]. Urease
(encoded by urel) contributes to the spread of Cryptococcus from
the lungs to the central nervous system. Deletion of urel reduces the
fungal burden on the brain and mortality in mice [71]. Therefore, it
can be used as a new target for the development of therapeutic
drugs.

WGS for Detecting Cryptococcus Drug Resistance

At present, WGS is a very reliable technology to study the
mechanism of Cryptococcus drug resistance and can quickly
sequence the complete Cryptococcus genomes. By sequencing the
entire genomes of representative strains of both C. neoformans and
C. gatti, hundreds of individual strains were identified. We have
gained a deeper understanding of the evolution and diversity of
Cryptococcus [72]. Sequencing was also used to study the
microevolution of isolates during prolonged infections, highlighting
the potential role of hypermutations in evolution over a short
period. To determine the cause of recurrence of cryptococcal
meningitis infection, WGS was used in some studies to evaluate the
genetic basis of infected patients. It was found that nonsense
mutations can cause hypermutation status, and synonym and
nonsynonym replacement rates are significantly increased, which
may be used for rapid adaptation in the host and evolution of
resistance to first-line antifungal agents in the future [73]. More-
over, this technique has been applied to reveal the genetics of drug
resistance, contributing to the molecular epidemiology and phylo-
genetic analysis of Cryptococcus. In the study of Wongsuk et al.
[74], WGS and multilocus sequence typing (MLST) were used to
determine the genetic characterization of C. neoformans, and they
first reported the in vitro antifungal susceptibility profiles of C.
neoformans isolated from Thailand.

CRISPR-Cas9 Editing for Antifungal Resistance Genes

Deciphering the mechanisms underlying virulence signatures and
drug resistance relies strongly on genetic manipulation techniques,
such as producing mutant strains that carry specific mutations or
gene deletions. Davidson et al. [75] used both biolistic and
electroporation transformation systems for gene disruption in C.
neoformans; however, the low frequency of homologous recombi-
nation obtained by these methods resulted in low efficiency of gene
disruption, which to some extent hindered the development of
genomic studies in Cryptococcus. In contrast, the CRISPR-Cas9
system has highly efficient gene editing capabilities, and this
technology is constantly being refined and improved, showing great
promise for gene editing using it [76,77]. Methods utilizing CRISPR-
Cas9 have become the preferred technique for gene editing in many
organisms due to their simplicity, efficiency, and versatility [78].
Wang et al. [79] investigated a “suicide” CRISPR-Cas9 system that
effectively generates an indel mutation and efficiently performs
targeted gene disruption via homology-directed repair by electro-
poration in yeast, with the potential to minimize off-target effects.
Therefore, this technique can also be effectively applied to the
functional genomics of C. neoformans. With such molecular tools, it
is possible to specifically disrupt candidate drug resistance genes
and determine their importance in the pathobiology of Cryptococ-
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cus. These strategies will potentially facilitate the development of
drugs targeting these gene products or their receptors.

Conclusions and Prospects

Drug-resistant Cryptococcus, with an escalating threat to global
Cryptococcus control, mandates the development and application
of new tools. WGS helps enormously delineate the cryptococcal
genes related to drug resistance. However, complementary evalua-
tion of these putative genes is often required to verify their role in
drug resistance. Therefore, CRISPR-Cas9 technology can be applied
to construct gene mutants. The discovery of new targets should be
applied to the study of new anti-cryptococcal drugs to solve the
problem of drug resistance endangering current cryptococcal
treatment.
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