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and time savings compared with cancer drug discovery. The surprising and encouraging efficacy of anti-
fungal drugs in cancer therapy, mechanistically, is attributed to the overlapping targets or molecular
pathways between fungal and cancer pathogenesis. Advancements in omics, informatics and analytical
technology have led to the discovery of increasing “off-site* targets from antifungal drugs involved in
cancerogenesis, such as smoothened (D477G) inhibition from itraconazole in basal cell carcinoma.
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Cancer therapy the underlying mechanism based on their original target and “off-site” target. Furthermore, the chal-
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cancer therapy are also discussed, providing a refresh understanding of drug repurposing.
Key scientific concepts of review: This review may provide a basic understanding of repurposed antifungal
drugs for clinical cancer management, thereby helping antifungal drugs broaden new indications and

promote clinical translation.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Cancer was estimated to be responsible for 10 million deaths in
2020 [1], emerging as a severe global health and financial burden.
Although effective therapeutic strategies are continuously being
developed, cancer-related deaths have increased by 25.4% over
the past decade [2]. Due to the limited availability of routine
screening and the lack of specific symptoms for early-stage cancer,
the majority of patients with cancer are diagnosed at an advanced
stage at their initial clinical consultation and few treatment agents
are available. Furthermore, acquired drug resistance is likely to
occur. These current bottlenecks of clinical cancer treatment
emphasize the necessity for developing alternative strategies for
cancer therapy [3,4]. Drug repurposing, which refers to evaluating
existing drugs for their possible new indication outside the original
scope, significantly reduces the cost and shortens the cycle of drug
research and development compared with de novo drug discovery.
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Although there are some legitimate objections to the concept of
drug repurposing, including concerns about insufficient single-
drug activity and the emergence of adverse outcomes based on ret-
rospective observational studies [5]. Nevertheless, enthusiasm for
drug repurposing remains high. This is because drug repurposing
may be the last hope for patients with advanced cancer who have
no drugs available after treatment failure. In addition, non-
oncology drugs obtained by drug repurposing can contribute to
cancer patients through drug combination. The most successful
examples of drug reposition include arsenic trioxide, which is pre-
viously considered as a highly toxic substance and now as an FDA-
approved drug for the treatment of acute promyelocytic leukemia
[6,7]. In addition to serendipity, recent advances in genomics and
proteomics have facilitated more non-oncology drugs to find their
new targets in cancer therapy, providing excellent opportunities
for drug repurposing in precision medicine [8]. Notably, these
existing agents have undergone at least phase II clinical trials,
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Fig. 1. Schematic of mechanistic sites for common antifungal drugs There are four main antifungal agent classes approved for human fungal infection: azoles, polyenes, and
allylamines interfere with the synthesis of fungal cell membranes; echinocandins prevent the synthesis of fungal cell walls; griseofulvin interferes with intracellular
microtubule assembly and inhibits mitosis; and 5-fluorocytosine reduces thymidylate synthase, resulting in DNA and RNA damage.
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which systematically investigate the pharmacokinetics and phar-
macodynamics of candidate drugs, guaranteeing safety even in a
different disease context [9]. In recent years, a variety of non-
oncology drugs have been discovered for their anticancer activity
based on a drug repurposing strategy, among which antifungal
agents have attracted great attention [9)].

In general, antifungal drugs mainly exert their therapeutic
effects via four mechanisms of action: blocking the formation of
fungal cell membranes and inducing transmembrane pores by
inhibiting the synthesis of ergosterol; preventing the synthesis of
fungal cell wall components such as 3--D-glucan; interfering with
intracellular microtubule assembly and inhibiting mitosis; and
reducing thymidylate synthase, resulting in DNA and RNA damage
[10,11] (Fig. 1). Except for fungal cell wall components, the remain-
ing biological structure and activities in fungi are also ubiquitous in
cancer cells. Several common or similar targets and pathways are
shared between fungal infections and malignancies, providing a
reliable foundation for repurposing antifungal drugs in cancer
therapy. For example, squalene epoxidase (SQLE) catalyses a rate-
limiting step in fungal ergosterol biosynthesis and promotes can-
cer progression in the human body as the second rate-limiting
enzyme of cholesterol synthesis. Moreover, the activities of
thymidylate synthesis and mitosis are ubiquitous in fungal and
cancer cells. In addition to the long-accepted understanding of
the antifungal mechanism based on the original targets, recent
investigations with the application of advanced multi-omics and
analytical technologies have revealed that some antifungal drugs
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exert multiple effects on fungal or host cells. Amphotericin B,
which inhibits fungal cells by directly binding ergosterol, modu-
lates oxidative damage and the immune system in the human body
[12]. Several antifungal agents suppress a broad spectrum of fungal
organisms, such as Cryptococcus, Candida, and Aspergillus, further
implying that antifungal drugs may have multiple targets. For
example, itraconazole, a commonly used triazole, exerts anticancer
activities by inhibiting numerous molecular mechanisms, includ-
ing smoothened (SMO) D477G mutations, sterol carrier protein 2
(SCP2), voltage-dependent anion channel 1 (VDAC1), and
Niemann-Pick Type C 1 (NPC1) (Fig. 2).

In this review, the recent progress of repurposing antifungal
drugs for cancer therapy based on their original targets and off-
site targets is summarized, highlighting a new perspective for the
clinical application of antifungal drugs in cancer prevention and
therapy (Table 1). In addition, the current limitations of this strat-
egy, as well as future directions for optimizing antifungal drugs as
ideal candidates for cancer in the clinic, are discussed. The topic of
overcoming bottlenecks in cancer treatment through drug repur-
posing has been widely debated. However, these papers have
mostly focused on the discussion of specific single drugs for drug
repurposing or on a comprehensive review of all classes of non-
oncology drugs based on their biology against cancer features
[9,13-18]. As far as we know, this is the first reviews on systematic
discussion about the anti-tumor activities exerted by anti-fungal
agents. This review may provide a basic understanding of repur-
posed antifungal drugs for clinical cancer management, thereby
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Fig. 2. Signaling pathways mediated by itraconazole Itraconazole influences diverse targets of cancer including CYP3A4, smoothened D477G mutations, sterol carrier protein
2 (SCP2), voltage-dependent anion channel 1 (VDAC1), and Niemann-Pick Type C 1 (NPC1).
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Table 1
Repurposing antifungal drugs for cancer therapy.
Drug Cancer Study Dose of Main mechanism Ref
type administration
Terbinafine hepatocellular carcinoma In vitro  0-50 pM Inhibiting SQLE [34]
Invivo 80 mg/kg
colorectal cancer Invitro  0-50 pM Inhibiting SQLE [35]
Invivo 50 mg/kg
promyelocytic leukemia Invitro  0-30 uM Inducing mitochondrial dysfunction and apoptosis [142]
oral squamous cell carcinoma In vitro  0-60 pM Inducing GO/G1 cell-cycle arrest [169]
hepatocellular carcinoma In vitro  0-80 pM Regulating AMPK -mTORC1 signaling [204]
Invivo 100 mg/kg
oral squamous cell carcinoma Invitro 0-150 pg/uL Suppressing Raf-MEK-ERK signaling [205]
colon cancer Invitro 0-120 uM Inducing GO/G1 cell cycle arrest [206]
Invivo 50 mg/kg
Natamycin hepatocellular carcinoma Invitro  0-40 pM Inducing ROS accumulation and subsequent apoptosis [145]
Invivo 50 mg/kg
Itraconazole medulloblastoma and basal cell carcinoma  In vitro  0-0.5 pM Inhibiting Hedgehog pathway [123]
Invivo 75 mg/kg
endometrial cancer Invitro  0-10 uM Inhibiting Hedgehog pathway [127]
melanoma Invitro 0-4 uM Suppressing Hedgehog, Wnt, and PI3K/mTOR pathways [128]
Invivo  0-100 mg/kg
glioblastoma Invitro 0-4 pM Inducing autophagic cell death [129]
Invivo 75 mg/kg
endometrial cancer Invitro 0-10 uM Inhibiting AKT/mTOR signaling [130]
cutaneous squamous cell carcinoma Invitro  0-4 uM Targeting HMGCS1/ACSL4 axis [131]
Invivo  0-80 mg/kg
hepatocellular carcinoma Invitro 0-8 pg/mL Regulating Wnt, PI3K/AKT/mTOR, and ROS pathways [132]
colon cancer Invitro  0-10 pM Inhibiting the Hedgehog pathway [133]
Invivo 75 mg/kg
oral squamous cell carcinoma Invitro 0-5puM Inhibiting the Hedgehog pathway [134]
Invivo 50 mg/kg
pancreatic cancer In vitro  0-80 pM Activation of Bak-1 [135]
breast cancer Invitro  0-20 pg/mL Inhibiting Hedgehog pathway [136]
Invivo 30 mg/kg
gastric cancer Invitro  0-10 pM Inhibiting Hedgehog pathway [143]
nasopharyngeal carcinoma Invitro 0-20 nM Triggering ferroptosis [159]
lung cancer Invitro 0-3 uM Inhibiting angiogenesis and tumor growth [164]
Invivo 100 mg/kg
Ketoconazole colon and breast cancer Invitro  0-30 pM Inducing cell cycle arrest [107]
colorectal and hepatocellular carcinoma Invitro 0-20 uM Inducing GO/G1 cell cycle arrest [108]
hepatocellular carcinoma Invitro 0-20 uM Inducing mitophagy and apoptosis [156]
Invivo 50 mg/kg
glioblastoma Invitro  0-10 uM Targeting HK2 [203]
Invivo 25 mg/kg
Miconazole colon carcinoma Invitro  0-50 pM Inducing GO/G1 cell cycle arrest and apoptosis [109]
Invivo 50 mg/kg
bladder cancer Invitro  0-100 uM Inducing apoptosis [112]
osteosarcoma Invitro 0-100 uM Inducing intracellular Ca®* rises [115]
breast cancer Invitro  0-50 pM Inducing intracellular Ca®* rises [116]
lung cancer Invitro 0-20 pM Suppressing STAT3 activation [147]
Invivo 50 mg/kg
bladder cancer Invitro 0-50 uM Inducing apoptosis [154]
Econazole lung cancer Invitro 0-20 pM Inhibiting PI3K activity and promoting apoptosis [144]
Invivo 50 mg/kg
colon cancer Invitro  0-60 uM Inducing GO/G1 cell cycle arrest and apoptosis [148]
Invivo 50 mg/kg
gastric cancer In vitro  0-20 pM Inducing p53-dependent apoptosis [149]
pancreatic cancer Invitro 0-40 pM Inducing autophagy arrest and apoptosis [158]
Invivo 50 mg/kg
Clotrimazole breast cancer Invitro  0-100 UM Inducing apoptosis and G1 arrest [110]
lung, colon cancer and melanoma Invitro 0-10 pM Depleting the intracellular Ca?* stores [113]
Invivo 120 mg/kg
endometrial cancer Invitro  0-20 pM Blocking IKCa1l channels [114]
Invivo 20 uM
lung carcinoma and colon adenocarcinoma  Invitro  0-50 pM Decreasing glycolysis and the viability [173]
breast cancer Invitro  0-50 uM Disrupting glycolysis [174]
breast cancer In vitro  0-100 uM Disrupting glycolysis [175]
melanoma Invitro  0-50 pM Reducing glycolysis and ATP level [177]
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Table 1 (continued)
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Drug Cancer Study Dose of Main mechanism Ref
type administration

Sertaconazole lung cancer Invitro  0-40 pM Inducing proapoptotic autophagy [157]
Invivo 75 mg/kg

5-fluorocytosine glioblastoma Invivo NA Gene-directed enzyme prodrug therapy (GDEPT) [89]

Griseofulvin ovarian cancer Invitro 0-120 uM Suppressing spindle microtubule dynamics [95]

colorectal cancer Invitro 0-60 uM Inducing apoptosis and G2/M cell cycle arrest [99]

Invivo 50 mg/kg

GF-15 colon cancer and multiple myeloma Invitro 0-1.25 uM Inhibiting of centrosomal clustering [100]
Invivo  0-100 mg/kg

helping antifungal drugs broaden new indications and promote
clinical translation.

Repurposing antifungal drugs for cancer therapy based on
original targets

Although successful repurposing of antifungal drugs in cancer
therapy is mainly based on opportunistic and serendipitous discov-
ery, further investigations reveal that some underlying molecular
mechanisms of antifungal drugs that have anticancer properties
are associated with the original targets of the drugs. These drugs
have been approved for antifungal uses as inhibitors of SQLE, sterol
14a—demethylase (CYP51), mitosis, and nucleic acid biosynthesis,
and their biological activities may be effective cancer treatments
with sufficient potency.

Targeting SQLE

SQLE catalyses the epoxidation of squalene and is then con-
verted into 2,3-epoxy squalene, which is an important rate-
limiting step in the fungal ergosterol biosynthesis pathway. Ally-
lamine and its derivatives exert inhibitory effects on SQLE by bind-
ing to its lipophilic site and further changing its conformation.
Allylamines are a class of antifungal agents most preferably used
in mycosis caused by dermatophytes. The most common ally-
lamine antifungal agents in clinical practice include natifan, terbi-
nafine, and butenafine, which display considerable efficacy and
safety. Natifan and butenafine are available as a topical cream,
gel, or spray, while the oral form of terbinafine can be used to treat
systematic fungal infections [19]. SQLE is also the secondary rate-
controlling enzyme in human cholesterol biosynthesis, preceded
only by 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR)
[20-22]. Cholesterol is a fundamental structural component of
human cell membranes and a precursor for steroid hormones,
fat-soluble vitamins, and bile acids. Cholesterol biosynthesis
mainly occurs in the liver and is a complex process involving
nearly 30 cascades of enzymatic reactions [23]. Sterol regulatory
element binding protein (SREBP) transcription factors are the main
regulators of cholesterol biosynthesis, and the activities of SQLE
and HMGCR are controlled by SREBP and feedback regulation
loops. Low cholesterol levels promote the translocation of SREBP
into the nucleus and SQLE expression, further activating choles-
terol synthesis. High cholesterol levels induce SQLE degradation
via the ubiquitin—-proteasome system and subsequently reduce
cholesterol levels.

Cholesterol homeostasis is associated with multiple physiolog-
ical and pathological conditions, such as well-known cardiovascu-
lar diseases. In recent years, the relationship between cholesterol
dysregulation and cancer progression has been demonstrated in
various malignancies, including renal, breast and colorectal can-

cers (CRC) [24]. The high level of cholesterol either in plasma or tis-
sue may contribute to the risk of cancer, supporting the oncogenic
role of cholesterol in tumours. In addition, cholesterol-lowering
drugs, such as statins, have preventive and therapeutic properties
against cancer [18,25,26]. As the second rate-limiting enzyme of
cholesterol synthesis, SQLE is positively correlated with a high can-
cer occurrence and poor prognosis in numerous tumours [27-31].
Moreover, increasing evidence demonstrates that SQLE contributes
to cancer cell growth and migration [32,33]. Due to their actions as
SQLE inhibitors, allylamines have been demonstrated to be poten-
tial candidates for cancer therapy. Liu et al. identified SQLE as an
oncogene in non-alcoholic fatty liver disease (NAFLD)-induced
hepatocellular carcinoma (HCC) via RNA sequencing analyses of
17 paired NAFLD-HCC tissues and adjacent tissues. SQLE is upreg-
ulated in NAFLD-HCC tissues and positively correlated with a poor
prognosis. Further mechanistic research revealed that SQLE pro-
motes carcinogenesis via cholesteryl ester and nicotinamide ade-
nine dinucleotide phosphate (NADP+), which epigenetically
silence PTEN via the ROS-DNA methyltransferase 3A axis and trig-
ger the PTEN/PI3K/AKT/mTOR signaling cascade in HCC. Addition-
ally, the antitumor effect of terbinafine in subcutaneous xenografts
and orthotopic xenografts was evaluated in this previous study.
Terbinafine significantly reduced free cholesterol and cholesteryl
ester, prolonged the survival time, and suppressed tumour growth
in xenograft mice [34]. He et al. reported that SQLE is highly upreg-
ulated in CRC and correlated with a poor prognosis. SQLE promotes
CRC proliferation by accumulating calcitriol and activating
CYP24A1-mediated MAPK signaling. Terbinafine significantly sup-
presses CRC growth in CRC organoids and xenograft mice [35].

The importance of cholesterol metabolism in cancer occurrence
and development has been recognized recently. SQLE catalyses the
second rate-limiting step in cholesterol synthesis and is described
as a driver for tumour metabolic shift and a key player in maintain-
ing cell survival in hypoxic conditions [36]. As SQLE can be consid-
ered molecular target in cancer therapy, the repurposing of
allylamine and its derivatives, namely SQLE inhibitors, as anti-
cancer agents should be investigated.

Targeting cytochrome P450 monooxygenase family members

CYP51 mediates the conversion of lanosterol into ergosterol by
demethylating the 14-a position, which is another essential step in
ergosterol synthesis. Azoles are the most widely used broad-
spectrum antifungal drugs in clinical practice and exert their inhi-
bitory effect on CYP51 by engaging with the heme pocket [37-39].
Azoles are a group of heterocyclic compounds and are divided into
two categories: triazoles and imidazoles. In general, triazoles and
their derivatives (such as such as itraconazole and fluconazole)
can be administered systemically, while imidazoles (such as such
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as ketoconazole, miconazole, and clotrimazole) are often used topi-
cally due to their toxicity [10].

CYP51 belongs to the cytochrome P450 monooxygenase (CYP)
superfamily, which is an abundant superfamily of heme-thiolate
proteins with more than 6,000 members [40]. CYPs ubiquitously
exist in all life cells and participate extensively in biological activ-
ities. CYPs mediate the conversion from environmental lipophilic
xenobiotics to human endogenous compounds, particularly in drug
metabolism and ultimately in carcinogen formation [38,41-43]. As
omnipresent enzymes, CYPs catalyse a variety of reactions, includ-
ing epoxidation, reduction, hydroxylation, dealkylation, and deam-
ination. Although expressed in numerous human tissues, CYPs are
predominantly enriched in the liver, which is the main location for
the biotransformation of xenobiotics and drugs. Despite the vari-
ability of CYPs between species, there is a certain degree of conser-
vation between humans and fungi, leading to the potential
influence of azoles on the human body and cancer cells [38].

Due to their actions as metabolite enzymes, CYPs exert at least
two important effects on cancer cells: they mediate the conversion
from procarcinogens to active carcinogenic compounds [44-46],
and they catalyse antitumor drug reactions. Approximately 90%
of human malignancy formation is caused by nongenotoxic car-
cinogens including nitrosamine, azo-aromatic amine, and alkyl
benzene. Some CYPs, especially CYP1 isoforms, are responsible
for the conversion of these procarcinogens to carcinogens [47-
49]. CYPs are also involved in chemotherapeutic compound activa-
tion and inactivation [50]. Upon the metabolism of CYPs, inactive
antitumor drugs are converted into cytotoxic compounds in cancer
cells, and CYP2 and CYP3 isoforms are the most common subfamily
responsible for anticancer agent catalysis [51]. In contrast, some
CYPs are involved in the inactivation of antitumor agents, as sug-
gested by the observation that the increased expression of CYPs
in tumour tissue is positively associated with chemotherapy resis-
tance, and the inhibition of specific CYPs improves the response to
therapy [52]. In addition, the expression of some CYPs is reported
to be upregulated and associated with poor prognosis in a variety
of cancer types [53-55]. Further studies suggest that CYPs play an
important role in cancer initiation, progression, and therapeutic
response and that they may serve as prognostic biomarkers and
therapeutic targets. Kumarakulasingham et al. investigated the
expression of 23 CYPs in 264 patients with CRC using immunohis-
tochemistry and found that CYP51, CYP1B1, CYP2S1, CYP2U1, and
CYP3AS5 are overexpressed in CRC; among them, CYP51 is an inde-
pendent prognostic biomarker for CRC [56]. In addition, CYPs may
regulate cancer proliferation, invasion, angiogenesis, apoptosis, or
differentiation as dominant upstream molecules of signaling path-
ways in cancer, including MAPK, PI3K/Akt, and NF-kB [57].

Azole antifungal agents are potent inhibitors of CYP activity. In
addition to CYP51, azole antifungals have been found to inhibit
other CYP family members. Ketoconazole is a broad-spectrum anti-
fungal used in superficial fungal infections and is derived from imi-
dazole, whose systemic use is limited due to potential side effects,
such as hepatotoxicity [58,59]. Ketoconazole has been identified as
an inhibitor of 17a-hydroxylase/17, 20 lyase (CYP17A1), and
CYP3A4 [13,60,61]. CYP17A1 possesses two main catalytic activi-
ties, among which 17a-hydroxylase mediates the conversion from
pregnenolone to 17o-hydroxypregnenolone, while 17a-lyase
catalyses the reactions from 17a-hydroxylase products into dehy-
droepiandrosterone and androstenedione [13]. Considering the
essential role of CYP17A1 in steroidogenesis and prostate cancer,
ketoconazole is suggested as a second-line therapy for the clinical
treatment of castration-resistant prostate cancer (CRPC), as a
CYP17A1 inhibitor [62-66]. Several clinical studies have reported
that ketoconazole treatment can induce a decrease in prostate-
specific antigen (PSA), relieve clinical symptoms, and prolong pro-
gression time in prostate cancer [67,68]. Interestingly, azole anti-
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fungals show some degree of substrate overlap for CYP family
member inhibition. For example, ketoconazole, itraconazole, and
posaconazole inhibit CYP3A4 activity, though with different poten-
cies. CYP3A may be the most well-known CYP member involved in
tumour chemotherapy resistance. CYP3A4 is responsible for the
detoxification of various common antitumor drugs in the clinic,
including docetaxel, irinotecan, gefitinib, cisplatin, paclitaxel,
tamoxifen, and vinorelbine [69-76]. The overexpression of CYP3A4
limits the chemotherapeutic response; therefore, downregulating
CYP3A4 expression may improve the therapeutic response [57].
Subsequently, ketoconazole is used in combination with standard
treatments when administered as a CYP3A4 inhibitor, due to its
function in catalysing antitumor drugs into inactive derivatives.
Outcomes from several clinical studies suggest that ketoconazole
may increase drug exposure or reduce the drug clearance of lapa-
tinib, docetaxel, and irinotecan [52,77-79]. Itraconazole is a broad-
spectrum triazole antifungal drug, unlike imidazole, which dis-
plays significant hepatotoxicity, and the systemic triazole exerts
relatively rare side effects. Itraconazole has emerged as a ketocona-
zole alternative in CYP3A inhibition, with comparable potency [80-
82].

Miconazole is a common topical antifungal agent that belongs
to the imidazole class. Studies investigating the antitumor proper-
ties of miconazole were reported in 1991 [83]. Miconazole is a
potent inhibitor of CYP2C, which is involved in cancer formation
and progression. CYP2C9 oxidizes arachidonic acid (ARA) to
epoxyeicosatrienoic acids (EETs) and promotes mitogenesis and
angiogenesis. Inhibition of CYP2C9 suppresses EET biosynthesis,
subsequently reducing the cell proliferation and migration of
human endothelial cells [84,85] (Fig. 3).

Targeting nucleic acids

One of the oldest antifungal drugs synthesized and commer-
cially marketed in the 1960s, 5-Fluorocytosine (5-FC) is used for
treating Candida and Cryptococcus infections [86]. Recently, 5-FC
was suggested as a pillar in gene-directed enzyme prodrug therapy
(GDEPT), which is a promising cancer therapeutic strategy charac-
terized by the selective conversion of pro-drugs into cytotoxic
metabolites within malignant cells, resulting in maximized con-
centrations of cytotoxic drugs in the cancer area and minimized
toxicity in normal tissues [87]. The GDEPT system is composed of
three basic components: the prodrug, intended suicide gene, and
vector. The vectors are a number of delivery systems that are
responsible for the transduction of the intended gene into tumour
cells, and the intended gene encodes an enzyme that can convert
the prodrug into cytotoxic metabolites. As the intended gene is
located after the tumour-specific promoter, the expression of
enzymes and the conversion of prodrugs occur only in cancer cells.
Moreover, the enzymes used in the GDEPT system are typically not
found in human cells, which further ensures specific toxicity to
malignant cells. In addition to selective toxicity, another advantage
of GDEPT is the bystander effect. The cytotoxic effect induced by
GDEPT can spread to surrounding cancer cells, leading to an exten-
sive killing zone [87,88]. The cytosine deaminase (CD)/5-FC system
is one of the most commonly used GDEPT systems. CD is an
enzyme expressed in bacterial or fungal cells that is not found in
human cells and is responsible for converting 5-FU to 5-FC intra-
cellularly. For over four decades, 5-FU has been one of the most
commonly used chemotherapeutic drugs. In human cells, 5-FU is
converted into several metabolites, including 5SFURNA and 5FU-
DNA, which inhibit thymidylate synthesis and induce apoptosis.
CD/5-FC research is often applied in glioblastoma due to the ability
of 5-FC to cross the blood-brain barrier. In recent years, the devel-
opment of targeted vectors to enhance the transduction efficiency
and tissue specificity of the CD/5-FC system has been a common
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Fig. 3. Signaling pathways mediated by miconazole Miconazole influences diverse hallmarks of cancer including drug resistance, nutrition metabolism, and cell proliferation.

research topic. Toca 511 (Vocimagene amiretrorepvec) is among
the most widely studied retroviral replicating vectors for intended
genes that can encode CD. The Toca 511+5-FC system has achieved
significant success in preclinical models [89] and is reported to be
well-tolerated by patients in clinical trials [90]. Cloughesy et al.
performed a phase I trial including 56 patients with recurrent,
high-grade glioma and found that Toca 511+FC therapy improved
survival and durable complete therapeutic responses
(NCT01470794) [91]. In addition, DNA/RNA sequencing and multi-
plex digital enzyme-linked immunoassay results suggest that the
clinical outcomes are related to molecular and immunological sig-
natures [92]. Recently, Toca 511+5-FC therapy was rated as a
breakthrough therapy by the Food and Drug Administration
(FDA) while it received support from the European Medicines
Agency for the treatment of high-grade glioma. In addition, various
clinical trials focusing on the CD/5-FC system based on novel vec-
tors, including APSO01F and TG6002, are ongoing.

Targeting mitosis

Griseofulvin is an antifungal agent that has been used to treat
dermatophytic infections for more than 60 years. Griseofulvin inhi-
bits fungal growth by blocking mitosis [93,94]|. However, the inhi-
bitory effect of griseofulvin on mitosis involves various
mechanisms, such as inhibiting centrosome clustering and induc-
ing mitotic aneuploidy [95-97]. As uncontrolled proliferation is
the basic hallmark of cancer and mitosis is the most common
method of cell division in the human body, drugs targeting mitosis
by suppressing microtubule dynamics, such as paclitaxel and vinca
alkaloids, are effective chemotherapies [98]. Studies focusing on
the anticancer activity of griseofulvin based on its inhibitory func-
tion on mitosis and low toxicity have attracted much attention. Ho
et al. reported that griseofulvin inhibits the growth of CRC by
inducing G2/M cell cycle arrest and apoptosis and that griseofulvin
exhibits synergistic effects with nocodazole, a classical micro-
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tubule inhibitor [99]. Panda et al. reported that griseofulvin inhibits
the proliferation of ovarian cancer cells by blocking the cell cycle at
prometaphase in anaphase of mitosis and inducing apoptosis. Fur-
ther mechanistic research has revealed that griseofulvin disturbs
microtubule polymerization and organization in HelLa cells, sug-
gesting its potential as an antimitotic drug in cancer treatment
[95]. In addition, derivatives or analogues of griseofulvin inhibit
centrosome clustering in cancer cells. GF-15, a derivative of grise-
ofulvin, induces cancer apoptosis by reducing spindle tension and
spindle multipolarity [96,100]. Griseofulvin has emerged as a
promising antitumor drug or adjuvant in combination with other
therapies based on its use as a systemic antifungal with few side
effects and rare reports of toxicity.

Indeed, the fact that some antifungal drugs have the same ther-
apeutic targets as those driving malignant tumorigenesis is enough
to suggest that these antifungal drugs have great potential for the
treatment of human cancers [101]. This strategy relies heavily on
ever-refining bioinformatics and computer technology. For
instance, the therapeutic role effect of terbinafine was proposed
after identifying the oncogenic activity of SQLE [33-35]|. With the
advancements in multiple-omics and analytical tools, increasing
new cancer targets and driving mechanisms are emerging and
identified, large numbers of antifungal drugs against the particular
targets could be translated into cancer therapy.

Repurposing antifungal drugs for cancer therapy based on off-
site targets

In addition to the administration of antifungal drugs in cancer
therapy based on common biological pathways and targets shared
by fungal and tumour cells, another successful approach is based
on the fact that approximately all approved drugs have numerous
targets [102]. The off-site target effects, which are traditionally
considered to cause toxic side effects, result in unexpected efficacy
for the treatment of cancer [103,104]. Increasing experimental and
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preclinical observations have demonstrated that antifungal drugs
exert their antitumor properties via off-site effects regardless of
the original targets.

Inhibiting cancer cell proliferation

Excessive proliferation is among the most remarkable biological
capabilities of cancer cells. The sustainability of proliferation is
dependent upon the activation of growth factor signaling path-
ways. In general, growth factors bind to cell-surface ligands and
activate intracellular kinases. The signals involved in cell growth
and division are conveyed via downstream intracellular pathways
[105]. A high proliferation rate is characterized by a quick cell
cycle, which is an evolutionarily conserved process that constitutes
two distinct phases. Genomic DNA replication occurs in interphase,
while replicated DNA segregation occurs during the M phase.
Recent evidence suggests that continuous and excessive division
of cancer cells mainly results from failure to exit the cell cycle
rather than uncontrolled cell division [106]. The crucial decision
of whether to enter a new cycle or exit is made during a window
at the metaphase-anaphase transition, the GO-G1 phase. An
increasing number of studies suggest that some antifungal drugs
inhibit cancer cell proliferation by inducing cell cycle arrest.
Forgue-Lafitte et al. reported that ketoconazole suppresses cell pro-
liferation and the incorporation of 3H-thymidine in colon and
breast cancer cells. Further studies showed that ketoconazole
increases the proportion of cells in the GO-G1 phase of the cell
cycle and reduces the proportion of cells in the S phase [107]. Chen
et al. also demonstrated that ketoconazole induces cell growth
inhibition and GO/G1 arrest in CRC and HCC [108]. In addition,
other imidazoles, such as clotrimazole and miconazole, inhibit can-
cer cell cycle progression and proliferation [109,110]. Clotrimazole
preferentially reduces the expression of cyclin A, E, and D1, leading
to cell cycle arrest in the G1 phase [111]. A similar outcome of
clotrimazole-induced GO/G1 arrest was observed in endometrial
cancer. In addition, miconazole increases the levels of p53, p21,
and p27 and decreases the levels of cyclin E1/D3, CDK2, and
CDK4, resulting in GO/G1 cell cycle arrest [109,112] (Fig. 3). The
intracellular ion balance plays a critical role in cell proliferation.
Benzaquen et al. first reported that clotrimazole suppresses ionic
mitogenic signals by reducing intracellular Ca?* stores in 1995
[113]. Another study reported that clotrimazole inhibits cancer cell
growth by blocking translation, which is associated with intracel-
lular Ca?* dysregulation [111]. A mechanistic study revealed that
clotrimazole depletes intracellular Ca?* stores, which activates
PKR and elF2q, inhibiting the initiation of protein translation.
Wang et al. suggested that clotrimazole blocks the cell cycle and
suppresses proliferation via the inhibition of intermediate-
conductance Ca®*-activated K* channels [114]. In addition, micona-
zole increases the intracellular Ca?* concentration in human
osteosarcoma and breast cancer cells, which subsequently regu-
lates proliferation [115,116] (Fig. 3).

Recently, the Hedgehog (Hh) signaling pathway has emerged as
a crucial regulator in cancer cell proliferation. Aberrant overactiva-
tion of the Hh signaling pathway leads to carcinogenesis in various
cancers; therefore, its inhibitors have been proposed as therapeutic
targets, including SMO and glioma-associated oncogene (GLI)
[117-120]. The importance of the Hh signaling pathway in basal
cell carcinoma (BCC) has been explicitly recognized in recent years.
Vismodegib and sonidegiba, two Hh signaling pathway inhibitors
targeting the SMO receptor, have been approved by the FDA for
the treatment of locally advanced or metastatic BCC [121]. How-
ever, acquired SMO mutations contribute to drug resistance to
SMO antagonists and limit the clinical benefits in patients. To over-
come this obstacle, Kim et al. screened a library of 2,400 drugs and
identified itraconazole as a potent Hh signaling pathway inhibitor
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(Fig. 2). Interestingly, a mechanism distinct from other existing
SMO antagonists is involved in the inhibitory effect of itraconazole
on the Hh signaling pathway [121]. Itraconazole inhibits the Hh
pathway with an efficacy of 65%, while vismodegib reduces 90%
of Hh target gene expression [122]. However, itraconazole remains
a promising second-line therapy as it acts on acquired SMO muta-
tions, including SMO D477G [123]. Kim et al. performed an
exploratory phase II trial of itraconazole in 29 patients with BCC
and found that a common daily dose of itraconazole reduces
tumour proliferation after at least one month [124]. In addition,
itraconazole inhibits tumour growth by suppressing the Hh path-
way in malignant pleural mesothelioma, endometrial cancer, and
medulloblastoma [123,125-127]. Several studies have also sug-
gested that the antitumor effects of itraconazole are due to the
inhibition of other proliferative pathways, including the mTOR
and wnt/B-catenin signaling pathways [128-136].

Inducing cell death

The induction of cell death is a main mechanism by which drugs
exert antitumor activities. The antineoplastic properties of antifun-
gal drugs against a wide range of malignancies have been reported
as the regulation of apoptosis, autophagy, or other cell death pro-
cesses. The evasion of apoptosis is another remarkable biological
trait of cancer cells. Although cancer cells have developed multiple
approaches to circumvent apoptosis, other regulated cell death
forms, such as autophagy, ferroptosis, and pyroptosis, have
emerged as alternative strategies to kill cancer cells [137,138].

Apoptosis is the most studied type of regulated cell death since
its introduction to cancer therapy in 1972 [139]. Apoptosis is an
evolutionarily conserved death process that is characterized by
morphological features of chromatin condensation, cell shrinkage,
and apoptotic body formation. Apoptosis includes the extrinsic
pathway, which involves cell death receptors such as FAS ligands,
and the intrinsic pathway, which involves toxic BH3 domain pro-
teins and mitochondria [140,141]. Numerous antifungal drugs reg-
ulate the apoptotic levels in cancer cells, such as terbinafine,
natamycin, itraconazole, econazole, and miconazole [142-145].
Sobecks et al. reported that miconazole induces apoptosis in
human T-cell leukaemia cells, which may be attributed to intracel-
lular Ca?* changes [146]. Other researchers subsequently obtained
similar conclusions on the role of miconazole in apoptosis in blad-
der cancer, colon carcinoma, and lung cancer [109,112,147]. In
addition, Yuan et al. suggested that miconazole induces both
extrinsic and intrinsic apoptosis in bladder cancer, attributing to
DR5-dependent and mitochondrial-mediated pathways [112]. Ter-
binafine, a broad-spectrum antifungal drug, has anticancer activity
against promyelocytic leukaemia cells via the induction of apopto-
sis involving mitochondrial dysfunction and proapoptotic Bcl-2
family members [142]. Other studies have reported that econazole,
a traditional imidazole antifungal drug, induces caspase 8-
independent apoptosis in colon cancer cells [148] and p53-
dependent apoptosis in gastric cancer cells [149].

Autophagy is a lysosomal-dependent degradative process and
plays a context-dependent role in tumorigenesis. The functions of
autophagy can be divided into four categories based on therapeutic
intervention: cytoprotective autophagy, cytotoxic autophagy, cyto-
static autophagy, and nonprotective autophagy [150-152]. Autop-
hagy is a compensatory mechanism for recovery from
chemotherapeutic toxicity, conferring acquired drug resistance
[153]. For example, Ho et al. found that miconazole triggers apop-
tosis and protective autophagy in bladder cancer cells, and the
inhibition of autophagy enhances the apoptotic level of miconazole
[154]. Similar outcomes have been reported for natamycin, as An
et al. reported that natamycin induces apoptosis and protective
autophagy in HCC [145]. In contrast, excessive autophagy may pro-
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voke apoptosis-independent or apoptosis-dependent signaling
pathways that exert tumour-suppressive effects; this autophagy
is identified as cytostatic and cytotoxic autophagy [155,156]. For
example, Liu et al. reported that itraconazole exerts significant
anticancer activities in glioblastoma cells via autophagic cell death,
which is independent of apoptosis. Mechanistically, itraconazole
reduces the expression of sterol carrier protein 2, increasing
cholesterol redistribution and repressing the AKT/mTOR pathway
that activates autophagy [129]. Another study reported that keto-
conazole induces cytotoxic autophagy in HCC by triggering
mitophagy-dependent apoptosis and inhibiting mitophagy
relieved mitochondrial dysfunction and apoptosis. Mechanistically,
ketoconazole decreases COX-2 expression, promoting PINK1 accu-
mulation, resulting in the mitochondrial translocation of Parkin,
which subsequently activates mitophagy [156]. Zhang et al
reported that sertaconazole induces proapoptotic autophagy in
non-small cell lung cancer cells, stabilizes the TNF receptor type
1-associated death domain (TRADD) protein from ubiquitination-
mediated degradation, and further suppresses the AKT/mTOR
pathway to trigger autophagy [157] (Fig. 4). Intact autophagy flux
is involved in cell death and growth inhibition, and impaired
autophagy also contributes to the anticancer properties of this cel-

Itraconazole Sertaconazole

R I =
L ) I
| ' | 4
| - || TRADD |
I i
| l i
| |
l 1 !
I I
| : |
|  Cholesterol | |
: redistribution l |
| reeteatuten i l_—-
v : Autophagy

coeer ettt et ttitecseny

Journal of Advanced Research 48 (2023) 259-273

lular process. Weng et al. reported that econazole induces autop-
hagy arrest, leading to autophagosome accumulation and
endoplasmic reticulum stress-mediated apoptosis in pancreatic
cancer cells [158].

Other forms of cell death, such as ferroptosis and pyroptosis,
have received increased attention in recent years. For example,
itraconazole induces ferroptosis by sequestering iron in lysosomes
and subsequently reducing the radio-resistance in nasopharyngeal
carcinoma cells [159]. With a deeper understanding of cancer cell
death, the detailed mechanisms involved in the anticancer activity
of antifungal drugs can be elucidated further.

Decreasing angiogenesis

Malignancies generate neo-vasculature to provide supplemen-
tal metabolites and evacuate metabolic wastes. To facilitate
tumour growth, the angiogenic switch is activated, including the
genesis of new endothelial cells, tube assembly, and vessel sprout-
ing. Angiogenesis is mainly driven by growth factors secreted from
tumour cells, including vascular endothelial growth factor-A
(VEGF-A), which is the primary target of antiangiogenic therapy.
Several studies have reported the anti-angiogenic effect of itra-

(o] o

RO
el a
Natamycin Econazole
— 1
—————

1 ©

“ -

>

()—

Fig. 4. Partially repurposed antifungal drugs in autophagy modulation Itraconazole suppresses the growth of glioblastoma through autophagy involved in sterol carrier
protein 2 (SCP2) suppression. Sertaconazole provokes proapoptotic autophagy by stabilizing TNF receptor type 1-associated death domain (TRADD) in non-small cell lung
cancer (NSCLC). Natamycin triggers apoptosis and protective autophagy in hepatocellular carcinoma (HCC). Econazole inhibits pancreatic cancer via autophagy regulated by

the ATF3/ID1 pathway.
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conazole, mediated by the inhibition of the VEGF pathway, the
basic fibroblast growth factor (bFGF) pathway, or the platelet-
derived growth factor pathway [160-164]. Aftab et al. reported
the potential antiangiogenic activity of itraconazole in non-small
cell lung cancer. Itraconazole disrupts the proliferation, migration,
and tube formation of endothelial cells via both VEGF- and bFGF-
mediated angiogenic stimulation [164]. Additional mechanisms
are involved in the antiangiogenetic properties of itraconazole.
Head et al. reported that itraconazole suppresses angiogenesis by
directly binding VDACI1, disrupting its function in mitochondrial
metabolism. The dysregulation of cellular metabolism activates
AMPK and inhibits mTOR, subsequently suppressing endothelial
cell proliferation and angiogenesis [165]. In addition to VDACI,
itraconazole exerts its inhibitory function on mTOR signaling and
angiogenesis by targeting NPC1, highlighting the multiple targets
of itraconazole for the inhibition of angiogenesis [166].

Terbinafine, another oral antifungal agent, also has antiangio-
genic activities, such as cell cycle arrest and the inhibition of vas-
cular endothelial cell migration [167,168]. In addition, terbinafine
exerts anticancer and antiangiogenic effects in oral squamous cell
carcinoma [169].

Regulating cellular metabolism

Reprogrammed metabolism is a well-substantiated hallmark of
cancer. Tumour cells adjust their metabolic pathways autono-
mously to satisfy the vigorous demand for bioenergetics and
biosynthesis. The Warburg effect is a well-known cancer metabolic
reprogramming phenomenon that was first observed in the 1930s.
Tumour cells prefer aerobic glycolysis rather than oxidative phos-
phorylation, even with sufficient oxygen. Hexokinase is an essen-
tial enzyme involved in glycolytic flux and plays an important
role in tumour growth [170]. Hexokinase binds to the mitochon-
drial outer membrane via transmembrane voltage-dependent
anion channels and stabilizes cytochrome c, preventing apoptosis
[171,172]. Considering the importance of glycolysis in malignan-
cies, the inhibition of hexokinase is a potential anti-cancer thera-
peutic strategy. Most studies regarding on the antitumor
properties of clotrimazole are related to glycolysis disruption.
Penso et al. reported that clotrimazole induces the detachment of
glycolytic enzymes from the cytoskeleton in lung and colon cancer
cells [171,173]. Other studies reported that clotrimazole disrupts
glycolysis in breast cancer [174-176] and melanoma cells [177].

Existing research has focused on the repurposing of antifungal
drugs in cancer that exert their antitumor effects by modulating
the hallmarks of cancer [105]. Currently, with the increasing stud-
ies in tumor molecular biology, this strategy will have a broader
use. For example, the recent revelation of the polymorphic micro-
biome as a new tumor hallmark means that certain antifungal
drugs may be identified as new antitumor candidates.

Antifungal therapy for malignancies

It is estimated that approximately 15-20% of malignancies are
attributable to infectious agents [178,179]. Well-known carcino-
genic microorganisms include Helicobacter pylori, which causes
gastric cancer; human papilloma virus, which causes cervical can-
cer; and hepatitis B and hepatitis C viruses, which cause liver can-
cer [180]. In addition, significant advances in metagenomic
sequencing approaches and computational analysis have occurred
in the past decade, providing remarkable progress regarding the
knowledge of human microbiota, including fungi. Fungi reside
within the human body, including on the skin and mucosa and
within the respiratory and digestive tracts. These are mutualistic
agents in the healthy body but become pathogenic microorganisms
in immunodeficiency disorders. Fungi are ubiquitous and influence
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human health as well as carcinogenesis via metabolism,
immunoregulation, and inflammation [181,182]. Candida is the
most common and opportunistic fungus residing in humans
[183,184]. Although research focusing on the relationship between
fungi and malignancies is limited, the importance of fungi in
tumorigenesis and progression has attracted much attention
recently, and fungi may be a promising biomarker and therapeutic
target. Coker et al. compared fungal communities between 184
patients with CRC and 204 healthy controls via faecal shotgun
metagenomic sequencing and found that Basidiomycota/Ascomy-
cota and Malasseziomycetes were increased while Saccharomycetes
and Pneumocystidomycetes were decreased in patients with CRC.
Faecal fungal signatures display excellent sensitivity and speci-
ficity for the diagnosis of CRC [185]. Several specific fungi, such
as Candida, Malassezia, and Trichosporon, and decreased total fungal
richness were recently reported in the carcinogenesis process
[186-192]. Aykut et al. reported that Malassezia is significantly
increased in pancreatic cancer tissues and that fungal ablation
can effectively slow proliferation, while the repopulation of Malas-
sezia accelerates tumour growth [189]. Further mechanistic studies
have suggested that Malassezia promotes pancreatic cancer by
driving the complement cascade through mannose-binding lectin
activation. The administration of amphotericin B, the most com-
mon systemic antifungal drug, can effectively inhibit cancer pro-
gression in invasive pancreatic cancer models [189]. In addition,
Hu et al. reported that post-diagnostic administration of terbina-
fine is associated with a decreased risk of death and metastasis
in patients with CRC in a population-based study from Sweden.
Further mechanistic research revealed that terbinafine can inhibit
fungus-induced myeloid-derived suppressor cell infiltration and
restore antitumor immune response in CRC [193]. Therefore, anti-
fungal drugs can be used as preventive and therapeutic agents for
specific malignant tumours that are initiated and promoted by
fungi.

Perspectives

As laureate of the 1988 Nobel Prize in Physiology or Medicine
James Black said, “The most fruitful basis for the discovery of a
new drug is to start with an old drug,” [194]. The repurposing of
effective, safe, and inexpensive non-oncology drugs for antineo-
plastic therapy has attracted great interest. Nearly all classes of
antifungal drugs have shown anticancer activity in preclinical
studies. However, only a few of these drugs, especially those used
in a systemic manner, are approved for the treatment of patients
with cancer or are currently undergoing clinical trials including
patients with cancer. As shown in Table 2, two antifungal agents
(itraconazole and ketoconazole) are in or have completed clinical
trials that include patients with cancer [62,124,195-201]. The
rapid advances in multi-omics screening and bioinformatics tech-
nologies and the growing understanding of the biological features
of cancer have facilitated the successful repurposing of oral anti-
fungal agents such as itraconazole for the treatment of cancer.
Once the antitumor effects of a drug have been confirmed, the
probability of failure due to adverse toxicology is minimal. How-
ever, even as new targets of antifungal drugs are identified, much
research is required before these drugs are used in cancer therapy.
For example, itraconazole has a significant inhibitory effect on
SMO, but sonidegib and vismodegib remain the only two Hh inhi-
bitors approved by the FDA for the treatment of BCC [202]. Never-
theless, itraconazole has a high potential to be used as a second-
line treatment or as combination therapy for cancer. Ketoconazole,
which has been used in clinical trials to treat metastatic CRPC that
is refractory to chemotherapy and other standard therapies also
requires more research before it is a standard anti-cancer therapy
[203]. Accordingly, antifungal drugs for which specific targets have
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Table 2
Repurposing anti-fungal drugs under clinical trials.
Drug Cancer Clinical trial identifier Main finding Ref
Itraconazole basal cell NCT01108094 (phase II) Itraconazole reduced cell proliferation by 45%, Hedgehog pathway  [124]
carcinoma activity by 65%.
esophageal NCT02749513 (phase I) Itraconazole blockade of HER2/AKT signaling. [195]
cancer
lung cancer NCT00769600 (phase II) Overall survival was longer in patients receiving itraconazole [196]
(median 32 months) versus control (8 months).
lung cancer NCT02157883 (phase 1) Itraconazole can be co-administered with Osimertinib. [197]
Ketoconazole prostate NCT00673127 (phase II) The response proportion to ketoconazole, hydrocortisone, and [62]
cancer dutasteride was at least comparable with previous studies of
ketoconazole alone, whereas time to progression was substantially
longer.
breast NCT00544804 (phase I) Ketoconazole was able to increase lapatinib exposure. [77]
cancer
breast NCT00212082 NCT00212095 (phase II) Ketoconazole-modulated docetaxel resulted in reduced docetaxel [78]
cancer clearance.
prostate NCT00460031 (phase II) The combination of ketoconazole and lenalidomide was well [198]
cancer tolerated.
prostate NCT00298155 (phase 1) Combination with ketoconazole show larger number of complete [199]
cancer and near-complete responses than bicalutamide and dutasteride
alone.
prostate NCT01199146 (phase II) Abiraterone demonstrates modest clinical efficacy in prostate [200]
cancer cancer patients previously treated with ketoconazole.
5-fluorocytosine glioma NCT02414165 (phase I) Toca 511 and Toca FC showed promising survival, excellent [90]
tolerability in recurrent high-grade glioma.
glioma NCT01470794 (phase I) Toca 511 + Toca FC shown multiyear durable response. [91]

been identified in preclinical studies and therapeutic doses have
passed phase I toxicity trials in humans, such as itraconazole and
ketoconazole, require more clinical results to determine their
specific application in standardized and individualized therapy.
The antitumor activity of other antifungal agents, such as terbina-
fine and griseofulvin, has been observed only in preclinical studies
thus far [204-206]. Whether their antitumor properties can be
translated into the clinic, at what effective dose, and with what
safety profile must be determined in additional clinical trials. In
conclusion, translating an approved antifungal drug with a known
molecular target and toxicity as a clinical therapeutic agent for the
treatment of cancer has a low probability of failure, especially
when artificial intelligence techniques are widely used in clinical
oncology research. In addition, the optimization or remodeling of
the original structure and changes in the mode of administration
can modulate the pharmacokinetic and pharmacodynamic profiles
of antifungal drugs, contributing to their efficacy and safety.

Conclusions

Repurposing antifungal agents in cancer therapy may be a safer,
faster, and less expensive way to overcome bottlenecks in the
development of antitumour therapeutic agents. Studies exploring
the exact antitumor properties and their underlying mechanisms
are accumulating rapidly. However, several limitations remain.
First, except for some systematic antifungal compounds, many
antifungal drugs with antitumour activity have been reported to
possess considerable toxicity and side effects. Efforts should be
made to balance the original toxicity and antitumor properties of
these drugs and maximize the clinical benefits. Moreover, malig-
nancy is very different than fungal infections, and the optimal
plasma concentration and tolerated dose require more exploration
before the final clinical application of antifungal drugs for patients
with cancer. Technology to help overcome these barriers has been
developed. High-throughput screening drug technology and pre-
clinical models, such as patient-derived xenografts or organoids,
have greatly facilitated the process of screening and comparing
the anticancer activities of antifungal drugs. Modifications of the
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drug structure and delivery systems help reduce drug toxicity
and strengthen the antitumor properties. Mechanistic investiga-
tions based on transcriptome analyses and molecular techniques
provide an underlying foundation for the use of antifungal drugs
as cancer treatments. Finally, clinical trials must be conducted to
allow for the successful clinical application of antifungal drugs as
cancer treatments.
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