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Compounds with a heterocyclic isoxazole ring are well known for their diverse biologic activities
encompassing antimicrobial, antipsychotic, immunosuppressive, antidiabetic and anticancer effects.
Recent studies on hematological malignancies have also shown that some of the isoxazole-derived
compounds feature encouraging cancer selectivity, low toxicity to normal cells and ability to overcome
cancer drug resistance of conventional treatments. These characteristics are particularly promising
because patients with hematological malignancies face poor clinical outcomes caused by cancer drug
resistance or relapse of the disease. This review summarizes the knowledge on isoxazole-derived
compounds toward hematological malignancies and provides clues on their mechanism(s) of action
(apoptosis, cell cycle arrest, ROS production) and putative pharmacological targets (c-Myc, BET, ATR,
FLT3, HSP90, CARM1, tubulin, PD-1/PD-L1, HDACs) wherever known.
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Introduction
Cancer remains a growing global health problem and stands as
the second highest contributor to mortality across the world,
accounting for �10 million deaths in 2020.(p1) Among the most
common cancer types, hematological malignancies rank in the
top 10 with nearly 1.2 million new cases globally each year.(p2)

Hematological malignancies are a large, heterogeneous group
of neoplasms of the lymphohematopoietic system with variable
clinical presentations and outcomes(p3) affecting the blood, bone
marrow, lymph nodes and other parts of the lymphatic system,
and can be categorized (Table 1) into leukemia [chronic lympho-
cytic leukemia (CLL), chronic myeloid leukemia (CML), acute
myeloid leukemia (AML) and acute lymphocytic leukemia
(ALL)], lymphomas [non-Hodgkin’s lymphoma (NHL) and Hodg-
kin’s lymphoma (HL)] and myelomas [multiple myeloma (MM)].
The readers are encouraged to refer to Taylor and co-workers(p4)
⇑ Corresponding authors. Pilátová, M.B. (martina.pilatova@upjs.sk), Vojtek, M. (mvojtek@ff.u
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article, which provides an excellent overview on the types of
hematological malignancies.

During the past 35 years, there has been a global rise in the
incidence of hematological malignancies, which is influenced
by factors such as type, age and geographic location, associated
with different stages of socioeconomic development and
lifestyle.(p5),(p6) The regions with highest incidence trends for
NHL (�85% of all lymphoma cases), HL, MM and leukemia were
Central Europe, Eastern Europe, East Asia and the Caribbean,
respectively.(p5) ALL is the most common type of leukemia in
children and has a lower incidence in adults, whereas CLL is rare
under the age of 30 but the prevalence increases with age, being
more common in the elderly (with gender differences, with more
cases in men than in women).(p7) CML is prevalent between 40
and 60 years and more frequent in African Americans than in
Caucasians.(p7)
p.pt).
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TABLE 1

Overview of hematological malignancy types.

Malignancy Type Definition

Myeloma Multiple myeloma
(MM)

Malignant proliferation of clonal
plasma cells in the bone marrow and
typically accompanied by the secretion
of monoclonal immunoglobulins
(CRAB criteria – hypercalcemia, renal
failure, anemia and lytic bone
lesions)(p141)

Lymphoma Hodgkin’s
lymphoma (HL)

Presence of pathologic Hodgkin Reed–
Sternberg cells, accounted for 10% of
lymphomas

Non-Hodgkin’s
lymphoma (NHL)

(i) Mature B-cell neoplasms:
Diffuse large B-cell lymphoma (DLBCL)
– diffuse involvement by large
lymphoid cells that stain positive for
the B-cell marker CD20 Burkitt
lymphoma – translocation of the
notorious cell proliferation
protooncogene, C-MYC
(ii) Mature T-cell and natural killer (NK)
cell neoplasms:
T cell large granular lymphocytic
leukemia
Chronic lymphoproliferative disorder
of NK cells(p142)

Leukemia Acute
lymphoblastic
leukemia (ALL)

Chromosomal translocations and
somatic mutations that lead to
leukemogenesis(p143)

Chronic
lymphocytic
leukemia (CLL)

Lymphoid malignancy characterized
by the proliferation and accumulation
of mature CD5+ B cells in the blood,
bone marrow and lymphoid
tissues(p144)

Acute myeloid
leukemia (AML)

Dominant in adults, representative
genetic abnormalities are in fms-
related tyrosine 3 kinase (FLT3),
nucleophosmin 1 (NPM1), CCAAT/
enhancer-binding protein alpha
(CEBPA), runt-related transcription
factor 1 (RUNX1)

Chronic myeloid
leukemia (CML)

Myeloproliferative neoplasm caused
by a translocation between
chromosomes 9 and 22, involving a
fusion of the Abelson oncogene (ABL)
from chromosome 9q34 with the
breakpoint cluster region (BCR) gene
on chromosome 22q11.2 leading to a
chimeric gene product known as BCR-
ABL(p145)

Leukemia, a cancer of the blood and bone marrow characterized by the overproduction of
abnormal white blood cells including various types such as acute lymphoblastic leukemia,
chronic lymphocytic leukemia, acute or chronic myeloid leukemia. Lymphoma, a cancer of
lymphocytes in the lymphatic system, which includes the lymph nodes, spleen and other
lymphoid tissues including Hodgkin’s lymphoma and non-Hodgkin’s lymphoma. Myeloma, a
cancer of plasma cells including multiple myeloma.
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Current therapeutic options for hematological
malignancies
Global initiatives in prevention and treatment have successfully
reduced the mortality rate attributed to hematological malignan-
cies. The conventional approach to chemotherapy involves the
administration of drugs designed to eradicate or inhibit the pro-
2 www.drugdiscoverytoday.com
liferation of rapidly dividing cancer cells but, owing to indiscrim-
inatory effects, these drugs also impact healthy cells, leading to
side effects such as nausea, hair loss and fatigue. Occurrences
of such indiscriminatory effects resulting from the inhibition
of entire enzyme–receptor families have prompted interest in
developing anticancer agents with high selectivity toward targets
specific to the cancerous cells. Currently, hematological malig-
nancies are treated with a variety of drugs or combinations of
drugs, including chemotherapy (conventional drugs), targeted
therapies, immunotherapy, immune checkpoint inhibitors and
chimeric antigen receptor T cells (CAR-T).(p8) Chemotherapeutics
commonly used in therapy of hematological malignancies
include alkylating agents (cyclophosphamide, melphalan, ben-
damustine, cisplatin, dacarbazine, procarbazine), antimetabolites
(methotrexate, cytarabine, fludarabine), plant alkaloids (vin-
cristine, vinblastine, etoposide) and antitumor antibiotics
(daunorubicin, doxorubicin, mitoxantrone, bleomycin). Further-
more, proteasome inhibitors (bortezomib), monoclonal antibod-
ies (rituximab), enzymes (L-asparaginase) and corticosteroids
(prednisone) are also used.(p9) These drugs are frequently com-
bined into specific regimens tailored to the type and stage of
the hematological malignancy being treated and overall patient's
health.(p9) The profound understanding of the molecular differ-
ences in biology of hematological and non-hematological malig-
nancies has significant importance for a successful targeted
therapy. Currently, several molecular-oriented studies have dis-
criminated putative targets selective to hematological malignan-
cies, providing a strong rationale for the design and development
of targeted therapeutic approaches, acting on neoplastic cells
with overexpression of specific proteins.(p10)

In hematological malignancies, several specific targets have
already been identified, including phosphoinositide 3-kinase
(PI3K), a crucial signaling molecule that can trigger protein
kinase B (Akt), involved in cell differentiation and proliferation
that can be controlled by upstream regulators like receptor tyro-
sine kinases and G-protein-coupled receptors (GPCRs).(p11) Addi-
tionally, b-arrestin 2, Janus kinase (JAK) and rat sarcoma protein
(RAS) have also been identified as contributors to the regulation
of PI3K.(p12) Epidermal growth factor receptor (EGFR) is another
specific target identified owing to its overexpression in cancer.
The EGFR pathway, when activated, leads to protein phosphory-
lation, a signal that is eventually recognized by cyclins (particu-
larly cyclin D) and cyclin-dependent kinases (CDKs) in the
nucleus, resulting in the activation of cell division. Moreover,
the activation of EGFR triggers communication between the cell
survival pathway (PI3K/Akt) and the mitogenic signaling path-
way but can also lead to inhibition of apoptosis and promotion
of invasion inducing cell division.(p10) CDKs, a class of Ser/Thr
kinases that plays a vital part in regulating the cell cycle and pro-
moting cell proliferation, are activated through their interaction
with cyclin partner proteins and, therefore, can also be used as a
specific target to combat hematological malignancies.(p10)

Because intracellular cell division and transportation requires
the involvement of microtubules (formed by tubulin protein
polymerization into long chains or filaments), which serve as a
structural framework for living cells, targeting tubulin by inhibit-
ing microtube assembly typically triggers apoptosis or pro-
grammed cell death.(p13),(p14),(p15),(p16)
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The first signal transduction inhibitor ever used in clinical
practice, imatinib, a tyrosine kinase inhibitor, can be adminis-
tered as a standalone treatment or in conjunction with conven-
tional anticancer drugs to treat CML. By binding to the
breakpoint cluster region/Abelson (BCR/ABL) kinase domain,
imatinib is capable of preventing the phosphorylation of tyro-
sine kinases, thus avoiding the activation of constitutive tyrosine
kinases. Consequently, the signal from the leukemic cell to the
nucleus is obstructed, leading to the induction of apoptosis.(p17)

The second-generation tyrosine kinase inhibitors such as dasa-
tinib, nilotinib and bosutinib can be used as alternatives or par-
ticularly for patients with resistance or intolerance to imatinib,
whereas ponatinib, a third-generation tyrosine kinase inhibitor,
is used for CML patients with the T315I mutation (a mutation
that confers resistance to other tyrosine kinase inhibitors).(p18)

Other protein inhibitors are also in development: ibrutinib and
acalabrutinib can inhibit Bruton’s tyrosine kinase (BTK)(p19)

and are used to treat CLL, mantle cell lymphoma (MCL) and
other B cell malignancies, whereas the PI3K inhibitors idelalisib
and duvelisib can be used to treat certain types of NHL in addi-
tion to CLL.(p20) JAK inhibitors (such as ruxolitinib) have demon-
strated efficacy against myelofibrosis and polycythemia vera.(p19)

Other inhibitors in clinical use include bortezomib, carfilzomib
and ixazomib, which can inhibit proteasomes in cells, leading
to apoptosis of myeloma cells, and these have been used to treat
MM or resistant cancer.(p21)

Immunotherapy is also a therapeutic strategy employed in the
treatment of hematological cancers, which focuses on manipu-
lating the immune system to combat cancer, aiming at enhanc-
ing or suppressing overall immune responses to target and
eliminate cancer cells by directly activating the innate and/or
adaptative immune systems. The process of cancer immune
reprogramming can be divided into the following steps: (i) trig-
gering the innate and/or adaptive immune systems to remove
cancer cells, (ii) allowing the survival of aberrant malignant cells
capable of triggering immune reprogramming and (iii) establish-
ing an immunosuppressive microenvironment and low-
immunogenic tumors.(p22),(p23) The currently known
immunotherapies for hematological malignancies include
immune checkpoint inhibitors, monoclonal antibodies or CAR-
T cell therapy, tumor vaccines, immunomodulatory drugs
(IMiDs) and stem cell transplantation.(p24),(p25),(p26),(p27) The use
of monoclonal antibodies such as rituximab, which targets the
CD20 antigen on B cells, has proven to be a successful approach
to effectively eliminate cancer cells in NHL and CLL. Daratu-
mumab, which targets the CD38 antigen on plasma cells, is used
to treat MM. Brentuximab, which targets the CD30 antigen on
lymphoma cells, is effective in treating HL and certain types of
NHL.(p28) Another immunotherapy approach is based on modu-
lation of the immune system and induction of antiangiogenic
effects, promoted by IMiDs, such as lenalidomide and pomalido-
mide, in MM and myelodysplastic syndromes.(p29) In addition,
new strategies for precision therapy have emerged, such as bis-
pecific antibodies and CAR-T cell therapy. The latter involves
modifying a patient’s T cells, empowering them to recognize
and combat against cancer cells.(p30),(p31) They are used to treat
certain types of lymphoma and ALL. However, the treatment
of hematological malignancies remains a major challenge owing
to relapsed or refractory neoplasms.(p32),(p33) In summary, tar-
geted therapies include tyrosine kinase inhibitors such BTK inhi-
bitors, monoclonal antibodies, proteasome inhibitors, PI3K
inhibitors, JAK inhibitors, IMiDs and CAR-T cell therapy. It is
important to emphasize that targeted therapeutics are relatively
new approaches and further research is still required to fully
understand their potential risk for secondary cancers, although
some drugs like vemurafenib and dabrafenib have already been
described as having increased risk of squamous cell carcinomas
of the skin.(p34) In addition to targeted therapeutics, chemother-
apy has also been associated with increased risk of development
of secondary cancers, such as myelodysplastic syndrome (MDS),
AML and ALL.(p35),(p36) Compared with radiation therapy,
chemotherapy is considered a higher risk factor for causing leu-
kemia. The risk of developing secondary cancer is higher with
higher drug doses, longer treatment duration and higher dose
intensity.(p34)

The treatment of hematological malignancies is, therefore,
challenging owing to the occurrence of relapsed or refractory
neoplasms and development of drug resistance. Cancer drug
resistance is a common and major therapeutic drawback of all
types of currently available treatments. Although CML and
promyelocytic leukemia show the beneficial effects of targeted
therapy, most other forms of leukemia and lymphoma (the main
cause of recurrence and treatment failure) remain a major public
health problem.(p24),(p32) Indeed, regardless of the type of treat-
ment, malignant hematopoietic cells continuously evolve cellu-
lar strategies to adapt to and survive therapeutic agents. Such
adaptations can involve different molecular and cellular mecha-
nisms, including the acquisition of mutations. In addition, the
modulation of the signaling pathways involved in the regulation
of apoptosis, autophagy, proteostasis, proliferation, differentia-
tion, metabolism, epigenetic modifications and oncogenes or
tumor suppressors represent additional processes that can lead
to therapy-induced resistance. Other potential mechanisms of
resistance arise from the tumor stromal niche; for instance,
through cytokine and growth factor production or exosome
secretion. Therefore, new approaches are urgently needed to
overcome resistance to a specific drug or combination of drugs
after an initial successful therapy. A deep understanding of the
underlying resistance mechanisms provides opportunities to
design new therapeutic approaches with the view of improving
clinical management to cure patients (including those with
relapsed and refractory disease).(p33)

The isoxazole moiety is a five-membered heterocycle
containing an oxygen and nitrogen atom in adjacent posi-
tions.(p37) Natural compounds with an isoxazole skeleton, such
as cycloserine, acivicin or muscimol, were first discovered in
bacteria, fungi, higher plants and marine sponges.(p38)

Isoxazole-derived compounds show diverse biological activities
spanning from antimicrobial,(p39) antipsychotic,(p40) anti-
inflammatory, immunomodulatory,(p41) antidiabetic,(p42) antivi-
ral(p43) to anticancer effects,(p44),(p45),(p46),(p47),(p48) as summarized
in Figure 1. The isoxazole scaffold can increase efficacy, decrease
toxicity and improve pharmacokinetic profiles of chemical com-
pounds.(p37) Drugs containing an isoxazole ring have already
been successfully introduced into clinical practice. The most
important ones: the disease-modifying anti-rheumatic drug
www.drugdiscoverytoday.com 3
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FIGURE 1
Several biological effects of isoxazole derivatives that have been previously reported by various articles, including anti-inflammatory, analgesic, antipsychotic,
antimicrobial, antidiabetic, antiviral, immunomodulatory and anticancer activity. Isoxazole ring (blue color) is shown with numbers (red color) that mark
possible substitutions in position 3, 4 or 5 with radicals or ligands (black color). Created with BioRender.com.
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leflunomide,(p49) the neuroleptic drug risperidone, the
antiepileptic drug zonisamide(p50) and bacteriostatic sul-
famethoxazole,(p51) are examples of a successful implementation
of isoxazole derivates into the therapeutic landscape. Further-
more, a reduced form of isoxazole, isoxazoline, is contained in
the antituberculosis drug cycloserine.(p51) Notwithstanding, 33
patents have been reported in the literature (2016–2018) for
treatment of different types of diseases, especially cancer.(p37)

Indeed, some of the latest isoxazole-derived compounds have
shown encouraging cancer selectivity, low toxicity to peripheral
blood lymphocytes and normal tissues coupled to capability to
overcome resistance of cancer cells to conventional treatments.
This review intends to summarize the knowledge generated so
far on isoxazole-derived compounds exerting their activity
toward hematological malignancies and to emphasize putative
targets, mechanisms of action and selectivity wherever known.
Isoxazole derivatives and their effects against
hematological malignancies
To the best of our knowledge, the present review is the first one
to focus on the activity of isoxazole derivatives and their effects
on hematological malignancies. We reviewed studies published
between 2009 and 2023 reporting a total of 119 isoxazole com-
pounds, which are summarized in Table 2. The compounds were
divided into five groups according to the substituent binding
position, including 3,4,5-trisubstituted isoxazole compounds,
fused isoxazole compounds, 3,5-disubstituted isoxazole com-
pounds, 3,5-disubstituted isoxazoline compounds and 4,5-
4 www.drugdiscoverytoday.com
disubstituted isoxazole compounds (Figure 2). The available
knowledge on each of the compounds has also been summarized
in Table 2. In particular, information on the level of evidence
[target screening (no cells)/cell-based/animal study/human
patient-derived cells or clinical trial], half-maximal inhibitory
concentration IC50 values in hematological cell lines, targets
and mechanism(s) of action, selectivity and toxicity to healthy
cells has been provided whenever known. All compounds
showed IC50 (growth inhibition) values between 0.56 nM and
184.4 mM. Orally bioavailable derivatives appear to be 3, 4, 5,
9, 19, 25, 28a, 28b, 31q, 32 and also leflunomide (35) and
quizartinib (27), which are already used in clinical practice.
The descriptions of the mechanism(s) of action and targets
ascribed to these compounds with activity against hematological
malignancies are summarized in Figure 3. The most common
mechanisms of action identified were apoptosis and cell-cycle
arrest, which were not associated with any specific group. Low
toxicity to healthy cells was also observed in each group of the
identified isoxazole derivates constituting a promising feature
for their further development.
Induction of apoptosis
The majority of isoxazole compounds induced apoptosis, namely
derivatives 1, 2a–h, 4, 5, 6, 7, 10, 15, 16b, 18, 19, 20a, 20b,
21a, 21b, 22a, 22b, 23a, 23b, 24a, 28a, 29s, 31q, 32 and
33. Apoptosis is a programmed cell death that is an important
anticancer target consisting of two main pathways: the extrinsic
and the intrinsic, depending on the stimuli. The induction of the

http://BioRender.com


TABLE 2

Overview of isoxazole derivatives with activity against hematological malignancies.

Compound number and name Chemical structure Level of
evidence

Cell
line/malignancy

IC50 (cell growth) Mechanism of
action

Target information Toxicity Selectivity Year/Refs

3,4,5-TRISUBSTITUTED ISOXAZOLE COMPOUNDS
1 Luminespib; NVP AUY-922;

5-(2,4-dihydroxy-5-propan-2-ylphenyl)-N-
ethyl-4-[4-(morpholin-4-ylmethyl)phenyl]-
1,2-oxazole-3-carboxamide

Cell based;
human patient-
derived cells;
clinical trial

HL-60, NB4,
CLL primary
cells,
AML primary
cells,
RRMM, NHL

LD50 48 h:
HL-60, NB4:
0.009 ± 0.0003 mM
ref.: Cytarabine 0.42
± 0.28 mM
CLL primary cells:
0.18 ± 0.20 lM
ref.: Fludarabine 1.16
± 1.74 lM
AML primary cells:
0.12 ± 0.28 mM
ref.: Cytarabine 6.98
± 7.24 mM

HSP 90 inhibition,
apoptosis,
modulating NF-jB,
PI3K pathway via
HSP90 inhibition,
synergism with
cytarabine and
Fludarabine

HSP90 (molecular chaperone
involved in signaling pathways
for cell proliferation, survival, and
cellular adaptation)

Reverse ocular
toxicity, fatigue,
diarrhea

Activity also on
other cancer
cell lines

2015/(p128)

2013/(p129)

2012/(p130)

2015/(p131)

General structure for 2a-f

2a 5-(2,4-Dihydroxy-5-isopropylphenyl)-4-(3-
morpholin-4-ylpropionylamino)isoxazole-
3-carboxylic acid ethylamide

Cell based;
animal study

MV4-11, K562 72 h:
MV4-11:
2a 0.40 ± 0.07 mM
22 and 50% complete
response in vivo
72 h/96 h:
K562:
2a 71.57 ± 4.89 nM
2b 18.01 ± 0.69 nM
2c 44.25 ± 10.90 nM
2d 70.12 ± 5.80 nM
2e 35.21 ± 6.20 nM
2f 45.43 ± 13.10 nM
2g 779.40 ± 151.00 nM
2h 3.20 ± 1.10 mM

HSP90 inhibition,
apoptosis

HSP90 (molecular chaperone
involved in signalling pathways
for cell proliferation, survival, and
cellular adaptation)

2a well
tolerated
in vivo

Activity also on
other tested
cancer cell lines

2014/(p146)

2020/(p147)

2011/(p115)

2b 5-(2,4-Dihydroxy-5-isopropylphenyl)-4-(4-
methoxybenzoylamino)isoxazole-3-
carboxylic acid ethylamide

2c 5-(2,4-Dihydroxy-5-isopropylphenyl)-4-(2,2-
dimethylpropionylamino)isoxazole-3-
carboxylic acid ethylamide

2d 4-Acetylamino-5-(2,4-dihydroxy-5-
isopropylphenyl)isoxazole-3-carboxylic
acid ethylamide

2e 5-(2,4-Dihydroxy-5-isopropylphenyl)-4-[(3-
methylthiophene-2-carbonyl)amino]
isoxazole-3-carboxylic acid ethylamide

2f 4-(5-Acetylisoxazole-3-carbonyl)amino-5-
(2,4-dihydroxy-5-isopropylphenyl)
isoxazole-3- carboxylic acid ethylamide

2g 5-(5-Chloro-2,4-dihydroxyphenyl)-4-(3,4-
dimethoxybenzoylamino)isoxazole-3-
carboxylic acid ethylamide

2h 4-(4-Methoxybenzamido)-5-(5-chloro-2,4-
dihydroxyphenyl)-N-(2,2,2-trifluoroethyl)
isoxazole-3-carboxamide

3 EZM 2302;
(R)-2-[2-[2-Chloro-5-(2-hydroxy-3-
methylaminopropoxy)-phenyl]-6-(3,5-
dimethylisoxazol-4-yl)-5-methylpyrimidin-
4-yl]-2,7-diaza-spiro[3.5]nonane-7-
carboxylic acid methyl ester

Target screening
(no cells); cell
based; animal
study

36
hematological
cell lines,
RPMI-8226
(in vivo)

14d:
0.015 to >10 mM
9 cell lines: <0.1 mM
tumor regression 45–
63% in vivo

CARM1 inhibition CARM1 –

(methylationtranscription factor
RUNX1, resulting in blocking
myeloid differentiation in AML)

No signs of
toxicity in vivo

Potential
selectivity
through 12
adherent cancer
cell lines
(breast, colon,
prostate)

2017/(p82)

(continued on next page)
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TABLE 2 (CONTINUED)

Compound number and name Chemical structure Level of
evidence

Cell
line/malignancy

IC50 (cell growth) Mechanism of
action

Target information Toxicity Selectivity Year/Refs

4 PLX51107;
(S)-4-(6-(3,5-dimethylisoxazol-4-yl)-1-(1-
(pyridin-2-yl)ethyl)-1H-pyrrolo[3,2-b]
pyridin-3-yl)benzoic acid

Cell based;
human patient-
derived cells;
animal study;
clinical trial

69
hematological
cell lines,
El-Myc/TCL1
(in vivo), RR AML
and MDS

0.02 � > 20 mM
reduction of spleen size
and leukemia cells
(in vivo)

Selective BET
inhibition, cell cycle
arrest, apoptosis

BET subfamily of proteins
involved in regulation of cancer
genes (MYC, BCL6)

No toxicity
�healthy T
cells;
neutropenia,
pneumonia
(clinical trial)

ND 2018/(p148)

2023/(p133)

5 CD161; 4-(6-Methoxy-2-methyl-4-(quinolin-
4-yl)
-9H-pyrimido[4,5-b]indol-7-yl)-3,5-
dimethylisoxazole

Target screening
(no cells); cell
based; animal
study

MV4-11,
MOLM-13

96h:
MV4-11: 26 ± 5 nM
MOLM-13: 53 ± 11 nM

Selective BET
inhibition, induction
of cleavage PARP,
upregulation of p21

BET subfamily of proteins (same
as above)

No signs of
toxicity in vivo

Activity also on
other tested
cancer cells
MDA-MB-231
in vivo

2017/(p135)

6 GSK1210151A; I-BET151;
(R)-7-(3,5-dimethylisoxazol-4-yl)-8-
methoxy-1-(1-(pyridin-2-yl)ethyl)-1,3-
dihydro-2H-imidazo[4,5-c]quinolin-2-one

Cell based;
animal study;
human patient
derived cells

MV4-11,
RS4-11,
MOLM13,
NOMO1,
HEL,
K562,
MEG01,
HL-60,
MLL-fusion
leukemia
(in vivo)

15 nM – >100 lM Selective BET
inhibition, apoptosis,
cell cycle arrest,
inhibition of BCL2, C-
MYC, CDK6

BET subfamily of proteins (same
as above)

ND ND 2011/(p132)

7 (R)-4-(8-Methoxy-2-methyl-1-(1-
phenylethyl)-1H-imidazo[4,5-c]quinolin-7-
yl)-3,5-dimethylisoxazole

Target screening
(no cells); cell
based; animal
study

MV4-11,
MOLM-13,
Jurkat,
MM.1S,
MV4-11 (in vivo)

0.19 ± 0.12 lM
0.43 ± 0.13 lM
2.08 ± 0.08 lM
0.53 ± 0.51 lM
55.11% and 70.40%
tumor regression
in vivo

Selective BET
inhibition, cell cycle
arrest, promoting
apoptosis, inhibition
of c-Myc, CDK6

BET subfamily of proteins (same
as above)

ND ND 2024/(p149)

8 RX-37; 4-
(1-(3-Cyclopropyl-5-methyl-1H-pyrazol-4-
yl)-8-methoxy-5H-pyrido[4,3-b]indol-7-yl)-
3,5-dimethylisoxazole

Target screening
(no cells); cell
based

MV4-11,
MOLM-13

20 nM
66 nM

Selective BET
inhibition

BET subfamily of proteins (same
as above)

ND Specificity
over K562 cell
line

2015/(p134)

9 CF53; N-
(3-Cyclopropyl-1-methyl-1H-pyrazol-5-yl)-
7-(3,5-dimethylisoxazol-4-yl)-6-methoxy-2-
methyl-9H-pyrimido[4,5-b]indol-4-amine

Target screening
(no cells); cell
based; animal
study

MOLM-13,
RS4-11 (in vivo)

96 h:
10.3 nM
49.3 - 72.3% tumor
regression in vivo

Selective BET
inhibition

BET subfamily of proteins (same
as above)

No signs of
toxicity in vivo

Activity also on
other tested
cancer cells

2018/(p137)

10 Ki16425;3-(4-[4-([1-(2-chlorophenyl)
ethoxy]carbonylamino)-3-methyl-5-
isoxazolyl]benzylsulfanyl)propanoic acid

Cell based;
animal study

HuT-78,
Jurkat J6,
DL (in vivo)

– LPA antagonist,
apoptosis,
immunoactivation. . .

LPA - small phospholipid acting
as an extracellular lipid mediator

ND ND 2022/(p150)

11 [3-((1-(2,4-difluorophenyl)-1H-1,2,3-triazol-
4-yl)methyl)-6-(3,5-dimethylisoxazol-4-yl)-
4-phenyl-3,4-dihydroquinazolin-2(1H)-one

Target screening
(no cells); cell
based

HL-60,
MV4-11,
Raji

0.120 ± 0.06 lM
0.095 ± 0.03 lM
1.65 ± 0.14 lM

BET (BRD4)
inhibition, inhibition
of c-Myc

BET subfamily of proteins
involved in regulation of cancer
genes (MYC, BCL6)

ND ND 2018/(p151)
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TABLE 2 (CONTINUED)

Compound number and name Chemical structure Level of
evidence

Cell
line/malignancy

IC50 (cell growth) Mechanism of
action

Target information Toxicity Selectivity Year/Refs

12a C26 N-cyclopentyl-5-(3,5-
dimethylisoxazol-4-yl)-2-((1-(4-
methoxyphenyl)-1H-1,2,3-triazol-4-yl)
methoxy)benzenesulfonamide

Target screening
(no cells); cell
based

HL-60,
MV4-11

HL-60:
12a >10 lM
12b 2.85 ± 0.21 lM
MV4-11:
12a 1.47 ± 0.11 lM
12b 0.86 ± 0.07 lM

BET (BRD4)
inhibition

BET subfamily of proteins (same
as above)

ND ND 2021/(p152)

12b C29 2-((1-(benzo[d][1,3]dioxol-5-yl)-1H-
1,2,3-triazol-4-yl)methoxy)-N-cyclopentyl-
5-(3,5-dimethylisoxazol-4-yl)
benzenesulfonamide

FUSED ISOXAZOLE COMPOUNDS
13 Danatinib;1-(4-(3-Amino-6-

methylisoxazolo[3,4-b]pyridin-4-yl)
phenyl)-3-(4-chloro-3-(trifluoromethyl)
phenyl)urea

Target screening
(no cells); cell
based; animal
study

Screening on
various non-
hematological
and
hematological
cell lines,
MV4–11 (in vivo)

MV4-11 0.89 ± 0.03 nM
MOLM-13 4.16 ± 0.13 nM
ref. Linifanib:
MV4-11 3.4 ± 1 nM
MOLM-13 19 ± 3 nM

FLT3 inhibtion;
inhibition of
downstream
signaling pathways,
apoptosis, decrease
in ROS

FLT3 - tyrosine kinase that plays
pivotal role in the survival,
proliferation, differentiation of
hematopoietic cells

Acceptable
safety profile
in vivo

Potential
selectivity
through other
tested cell lines
and kinases

2023/(p70)

14 N-(4-(3-(4-(3-Amino-6-methylisoxazolo[3,4-
b]pyridin-4-yl)phenyl)ureido)phenyl)
acrylamide

Target
screening; cell-
based

MOLM-13, MV4-
11

507 nM
325 nM

FLT inhibtion, cell
cycle arrest,
apoptosis, inhibtion
od downstream
mediators STAT5,
Akt and ERK

FLT3 - tyrosine kinase (same as
above)

ND High selectivity
through other
tested cell line
HL-60, A549,
HepG2, K562,
HUVEC
(IC50 > 10 lM)

2022/(p138)

15 PTB; 3-(4-(4-phenoxyphenyl)
-1H-1,2,3-triazol-1-yl)benzo[d]isoxazole

Cell-based MV4-11, MOLM-
13, MOLM-14

96 h:
1–2.5 lM

Apoptosis, cell cycle
arrest, increase in
acetylation Histone3
and tubulin

HDACs � enzymes
deacetylating lysine residues
present on histones, regulating
gene transcription

No toxicity to
normal bone
marrow cells
C57BL/6

ND 2015/(p104)

General structure for 16a-f

16a N-(3-Ethyl-6-methoxybenzo[d]isoxazol-5-
yl)-2-methoxybenzenesulfonamide

Cell-based MV4-11 (EC50) 120 h:
16a 0.78 lM
16b 0.87 lM
16c 2.5 lM
16d 5.53 lM
16e 2.5 lM
16f 3.79 lM

Selective BET
inhibition
16b inhibition of
CDK6, c-Myc, cell
cycle arrest,
apoptosis

CDKs � serine-threonine kinases
regulating cell cycle and cell
proliferation

ND ND 2022/(p153)

16b N-(3-Ethyl-6-methoxybenzo[d]isoxazol-5-
yl)-4-methoxybenzenesulfonamide

16c N-(3-Ethyl-6-methoxybenzo[d]isoxazol-5-
yl)butane-1-sulfonamide

16d N-(3-Ethyl-6-methoxybenzo[d]isoxazol-5-
yl)-2-(trifluoromethoxy)
benzenesulfonamide

16e N-(3-Ethyl-6-methoxybenzo[d]isoxazol-5-
yl)-2,4- dimethoxybenzenesulfonamide

16f N-(3-Ethyl-6-methoxybenzo[d]isoxazol-5-
yl)-2-methoxy-4-
nitrobenzenesulfonamide

17 P20;
((3-((2-chloro-[1,1'-biphenyl]-3-yl)amino)
benzo[d]isoxazol-5-yl)methyl)-L-serine

Target screening
(no cells)

Not applicable IC50 (target):
26.8 nM

PD-1/PD-L1
inhibition

PD-1 � inhibition of immune
responses, modulation of activity
of T-cells;
PD-L1 � co-inhibitory factor (p86)

ND ND 2021/(p154)

(continued on next page)

POST-SCREEN (GREY)

D
ru
g
D
isco

ve
ry

T
o
d
ay

d
V
o
lu
m
e
2
9
,
N
u
m
b
e
r
8

d
A
u
g
u
st

2
0
2
4

P
O
ST-SC

R
EEN

(G
R
EY

)

w
w
w
.d
rug

d
iscoverytod

ay.com
7



TABLE 2 (CONTINUED)

Compound number and name Chemical structure Level of
evidence

Cell
line/malignancy

IC50 (cell growth) Mechanism of
action

Target information Toxicity Selectivity Year/Refs

18 T-5524;3-[5-(4-cyclopentyloxy-2-
hydroxybenzoyl)-2-[(3-oxo-1,2-
benzoxazol-6-yl)methoxy]phenyl]
propanoic acid

Cell-based;
human patient
derived cells

ARP-1, H929,
U266 and
RPMI8226, MM
primary cells

� Selective AP-1
inhibitor; inhibition
of IRF4/MYC leading
to cell cycle arrest,
apoptosis, synergism
with bortezomib

AP-1 modulates the transcription
of multiple cytokines and growth
factors and is associated with
proliferation, survival,
differentiation and
transformation of cells

Low toxicity to
healthy PBMC
cells

ND 2023/(p94)

19 Pelabresib; CPI0610; 2-
((4S)-6-(4-chlorophenyl)-1-methyl-4H-
benzo[c]isoxazolo[4,5-e]azepin-4-yl)
acetamide

Target screening
(no cells); Cell
based; animal
study, human
patient derived
cells; clinical trial

INA-6, RPMI, LR5,
H929, MM1S,
MM1R, U266,
Dox40, ANBL6-
WT, ANBL6-VR,
MV4-11 in vivo,
MM primary
cells,
RRMM,
myelofybrosis

72 h cell lines:
0.2–0.9 lM
41–80% tumor growth
inhibition in vivo

Selective BET
inhibition,
downregulation NF-
jB signaling, cell
cycle arrest, caspase-
dependent
apoptosis

BET subfamily of proteins (same
as above)

Common set of
toxicities

ND 2016/(p155)

2016/(p156)

2022/(p157)

2022/(p127)

General structure for 20a-h

20a 7-(3,5-dimethoxybenzyl)-5,7-dihydro-4H-
isoxazolo[5,4-e]isoindole

Cell based;
human patient
derived cells

20a-l:
VL51,
MINO,
HBL1,
SU-DHL-10,
(lymphoma cell
lines)
20b:
AMO-1,
AMO-BZB,
JJN-3,
NCI-H929,
MM.1S
(MM cell lines)

72 h:
20a 0.02–0.04 lM
20b 0.04–0.12 lM
20c 0.7–1 lM
20d 0.23–0.28 lM
20e 0.23–0.27 lM
20f 1.1–1.7 lM
20g 0.27–0.5 lM
20h 0.07–0.1 lM
20i 1.4–2.0 lM
20j 1.4–1.8 lM
20k 0.2–0.5 lM
20l 0.15–0.7 lM

20a, 20b, 20d, 20e,
20f, 20h, 20k
inhibited tubulin
polymerization
20a, 20b apoptosis,
cell cycle arrest

Microtubules � cytoskeletal
protein filaments involved in the
cellular
architecture maintenance,
mitosis, cell signaling, motility
and intracellular
trafficking of organelles and
macromolecules. Each
microtubule is composed of two
globular proteins, a- and b-
tubulin

20a, 20b, 20k,
20l showed
low toxicity to
healthy PBMC
cells
(20a, 20b
showed 15%
max. increase
of apoptosis in
higher dose 0,5
lM)

Effective also on
other tested
cancer cell lines

2022/(p124)

2022/
(p158)

20b SIX2G 7-(3,4,5-trimethoxybenzyl)-5,7-
dihydro-4H-isoxazolo[5,4-e]isoindole

20c 7-(3-Methoxybenzyl)-5,7-dihydro-4H-[1,2]
oxazolo[5,4-e]isoindole

20d 7-(4-Methoxybenzyl)-6-phenyl-5,7-
dihydro-4H-[1,2]-oxazolo[5,4-e]isoindole

20e 2-Methoxy-5-[(6-phenyl-4,5-dihydro-7H-
[1,2]oxazolo-[5,4-e]isoindol-7-yl)methyl]
aniline

20f 7-(4-Methoxybenzyl)-6-(4-
methoxyphenyl)-5,7-dihydro-4H-[1,2]
oxazolo[5,4-e]isoindole

20g 7-(4-Methoxybenzyl)-6-(3,4,5-
trimethoxyphenyl)-5,7-dihydro-4H-[1,2]
oxazolo[5,4-e]isoindole

20h 2-methoxy-5-{[6-(3,4,5-
trimethoxyphenyl)-4,5-dihydro-7H-[1,2]
oxazolo[5,4-e]isoindol-7-yl]methyl}aniline

General structure for 20i-l

20i Ethyl 7-(4-methoxybenzyl)-6-(3,4,5-
trimethoxyphenyl)-5,7-dihydro-4H-[1,2]
oxazolo[5,4-e]isoindole-3-carboxylate

20j [7-(4-methoxybenzyl)-6-(3,4,5-
trimethoxyphenyl)-5,7-dihydro-4H-[1,2]
oxazolo[5,4-e]isoindol-3-yl]methanol
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TABLE 2 (CONTINUED)

Compound number and name Chemical structure Level of
evidence

Cell
line/malignancy

IC50 (cell growth) Mechanism of
action

Target information Toxicity Selectivity Year/Refs

20k 7-(4-Methoxybenzyl)-3-
(morpholinomethyl)-6-(3,4,5-
trimethoxyphenyl)-5,7-dihydro-4H-[1,2]
oxazolo[5,4-e]isoindole

20l 7-(4-methoxybenzyl)-3-(pyrrolidin-1-
ylmethyl)-6-(3,4,5-trimethoxyphenyl)-5,7-
dihydro-4H-[1,2]oxazolo[5,4-e]isoindole

21a 5-(2,4-dihydroxy-5-isopropylbenzoyl)-N-
ethyl-4,5,6,7-tetrahydroisoxazolo[4,5-c]
pyridine-3-carboxamide

Cell-based K562 72 h/96 h:
21a 627.30 ± 49.00 nM
21b 68.30 ± 5.20 mM

Apoptosis ND Activity also on
other tested
cancer cell lines

2020/(p147)

21b 5-(2,4-dihydroxybenzoyl)-N-ethyl-4,5,6,7-
tetrahydroisoxazolo[4,5-c]pyridine-3-
carboxamid

22a 8-(4-Methoxybenzyl)-7-(3,4,5-
trimethoxyphenyl)-4,5,6,8-
tetrahydropyrrolo[30 ,40 :3,4]cyclohepta [1,2-
d] [1,2]oxazole

Cell-based;
human patient
derived cells

VL51,
MINO,
HBL1,
SU-DHL-10,
(lymphoma cell
lines)

72 h:
22a 0.4––1.8 mM
22b 0.1––0.5 mM

Cell cycle arrest,
apoptosis

IC50 > 10 mM on
healthy PBL

Activity also on
other tested
cancer cell lines

2023/(p159)

22b 2-Methoxy-5-((7-(3,4,5-
trimethoxyphenyl)-5,6-dihydropyrrolo
[30 ,40 :3,4]cyclohepta [1,2-d]isoxazol-8(4H)-
yl)methyl)aniline

3,5-DISUBSTITUTED ISOXAZOLE COMPOUNDS
23a 4-[(E)-2-[3-[(E)-2-(4-hydroxy-3-

methoxyphenyl)ethenyl]-1,2-oxazol-5-yl]
ethenyl]-2-methoxyphenol

Cell-based K562 72 h:
23a 0.5 ± 0.1 mM
23b 0.5 ± 0.1 mM
23c 15.9 ± 0.9 mM
23d 12.1 ± 0.5 mM
ref.: Curcumin 17 ± 1 mM

23a, 23b cell cycle
arrest, apoptosis
23b overcome
resistance to
imatinib

ND 23b potent
selectivity
through other 6
tested cell lines

2023/(p160)

23b 4-[(E)-2-[3-[(E)-2-(4-hydroxyphenyl)
ethenyl]-1,2-oxazol-5-yl]ethenyl]phenol

23c 3,5-bis[2-(3,4,5-trimethoxyphenyl)
ethenyl]-1,2-oxazole

23d (1E,5Z,6E)-1,7-bis(4-hydroxy-3-
methoxyphenyl)-5-(((3-methylisoxazol-5-
yl)methoxy)imino)hepta-1,6-dien-3-one

24a 2-(4-((3-(4-(tert-butyl)phenyl)isoxazol-5-yl)
methoxy)phenyl)ethanol

Cell-based;
human patient
derived cells

K562, CML
primary cells

72 h:
K562:
24a 45 ± 2.8 mM
24b 55 ± 6.1 mM
24c 81 ± 3 mM
24d 58 ± 9.6 mM
24e 54.5 ± 7.5 mM
CML:
24a 70 mM to 184.4 mM

24a apoptosis, ROS
production,
overcome resistance
to imatinib

Low
hemotoxicity
25–400 mg/ml
(except 24a
40% hemolysis
at 400 mg/ml)

Activity also on
other tested
cancer cell line
(U87)

2022/(p65)

2021/(p161)

24b 2-(4-((3-(4-methoxyphenyl)isoxazol-5-yl)
methoxy)phenyl)ethanol

24c 2-(4-((3-phenylisoxazol-5-yl)methoxy)
phenyl)ethanol

24d 2-(4-((3-(p-tolyl)isoxazol-5-yl)methoxy)
phenyl)ethanol

24e 2-(4-((3-(4-chlorophenyl)isoxazol-5-yl)
methoxy)phenyl)ethanol

25 Berzosertib; VX-970; M6620; VE-822;3-[3-
[4-(methylaminomethyl)phenyl]-1,2-
oxazol-5-yl]-5-(4-propan-2-
ylsulfonylphenyl)
pyrazin-2-amine

Cell-based;
animal study

MyLa2000, SeAx,
Mac2a, MV4-11
(in vivo)

� Selective ATR
inhibition,
sensitization
lymphoma cells to
UVA radiation

ATR � serine- threonine kinase,
which phosphorylates CHK1 in
response to stalled replication
forks

No bone
marrow
dysmorphology

Activity also on
solid tumors

2018/(p118)

2016/(p119)

(continued on next page)
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TABLE 2 (CONTINUED)

Compound number and name Chemical structure Level of
evidence

Cell
line/malignancy

IC50 (cell growth) Mechanism of
action

Target information Toxicity Selectivity Year/Refs

26 N-(4-Hydroxyphenyl)-5-(4-methoxyphenyl)
isoxazole-3-carboxamide

Cell-based 60 various cell
lines

(IC50 not determined)
48 h growth inhibition at
10 mM:
CCRF: 68.98%
HL-60: 73.56%
K-562: 70.79%
MOLT-4: 80.79%
RPMI-8226: 17.92%

ND ND Activity also on
other tested
cancer cell lines

2021/(p162)

27 Quizartinib; AC220; 1-
(5-tert-butyl-1,2-oxazol-3-yl)-3-[4-[6-(2-
morpholin-4-ylethoxy)imidazo[2,1-b][1,3]
benzothiazol-2-yl]phenyl]urea

Cell-based;
animal study;
clinical trial

MV4-11, AML 72 h:
MV4-11: 0.56 ± 0.3 nM
complete tumor
regression in vivo

Selective FLT3
inhibition

FLT3 - tyrosine kinase that plays
pivotal role in the survival,
proliferation, differentiation of
hematopoietic cells

Tolerated by
patients

Selectivity
tested on
A375 > 10
000 nM

2009/(p163)

2009/(p164)

2019/(p165)

28a Marbotinib; 1-
(5-(tert-butyl)isoxazol-3-yl)-3-(2-(5-
hydroxy-1H-indole-2-carbonyl)benzofuran-
5-yl)urea

Target screening
(no cells); cell-
based; animal
study; human
patient derived
cells

19–27
hematological
cell lines

96 h:
28a < 0.001––3.424 lM
28b 0.0001––5.416 lM

Selective FLT3
inhibition
28a apoptosis,
modulation of FLT3
downstream
mediators

FLT3 - tyrosine kinase (same as
above)

No signs of
toxicity in vivo

ND 2020/(p166)

2022/(p74)

28b 2-(5-(3-(5-(tert-butyl)isoxazol-3-yl)ureido)
benzofuran-2-carbonyl)-1H-indol-5-yl [1,40-
bipiperidine]-10-carboxylate hydrochloride

General structure for 29a-s

29a 5-(4-methoxyphenyl)-3-(1-(2-
phenoxyethyl)-1H-benzo[d]imidazol-2-yl)
isoxazole

R1 = OMe, R2 = H 29a-s: cell based
29s: animal
study

RPMI-8226
(29s RPMI-8226
and NCI-H929)

48 h:
29a 25.28 ± 6.60 lM
29b 22.96 ± 3.89 lM
29c 19.83 ± 2.72 lM
29d 12.56 ± 0.85 lM
29e 28.93 ± 2.79 lM
29f 13.18 ± 0.57 lM
29g 61.97 ± 34.52 lM
29h 7.55 ± 0.85 lM
29i 5.42 ± 1.41 lM
29j 14.64 ± 2.45 lM
29k 17.80 ± 1.56 lM
29l 10.05 ± 1.93 lM
29m 16.32 ± 0.92 lM
29n 19.21 ± 5.54 lM
29o 27.07 ± 5.28 lM
29p 20.97 ± 6.82 lM
29q 7.50 ± 0.37 lM
29r 12.91 ± 1.43 lM
29s 6.16 ± 0.59 lM

29s inhibition c-myc,
apoptosis,
modulation NF-jB
signalling pathway,
overcome resistance
to bortezomib

c-Myc � proto-oncogene with
role in cell cycle regulation,
metabolism, apoptosis,
differentiation, cell adhesion,
tumorigenesisparticipates in
regulating hematopoietic
homeostasis (p89)

29s no weight
loss in vivo

ND 2023/(p92)

2023/(p167)

29b 3-(1-(2-(3,5-dimethylphenoxy)ethyl)-1H-
benzo[d]imidazol-2-yl)-5-(4-
methoxyphenyl)isoxazole

R1 = OMe, R2 = 3,5-di-Me

29c 3-(1-(2-(4-ethylphenoxy)ethyl)-1H-benzo
[d]imidazol-2-yl)-5-(4-methoxyphenyl)
isoxazole

R1 = OMe, R2 = 4-Et

29d 3-(1-(2-(2,4-dimethylphenoxy)ethyl)-1H-
benzo[d]imidazol-2-yl)-5-(4-
methoxyphenyl)isoxazole

R1 = OMe, R2 = 2,4-di-Me

29e 5-(4-methoxyphenyl)-3-(1-(2-(o-tolyloxy)
ethyl)-1H-benzo[d]imidazol-2-yl)isoxazole

R1 = OMe, R2 = 2-Me

29f 5-(4-methoxyphenyl)-3-(1-(2-(4-
nitrophenoxy)ethyl)-1H-benzo[d]imidazol-
2-yl)isoxazole

R1 = OMe, R2 = 4-NO2

29g 3-(1-(2-(2-ethoxyphenoxy)ethyl)-1H-
benzo[d]imidazol-2-yl)-5-(4-
methoxyphenyl)isoxazole

R1 = OMe, R2 = 2-OEt

29h 3-(1-(2-(4-methoxyphenoxy)ethyl)-1H-
benzo[d]imidazol-2-yl)-5-(4-
methoxyphenyl)isoxazole

R1 = OMe, R2 = 4-OMe

29i methyl-4-(2-(2-(5-(4-methoxyphenyl)
isoxazol-3-yl)-1H-benzo[d]imidazol-1-yl)
ethoxy)benzoate

R1 = OMe, R2 = 4-COOMe

29j 3-(1-(2-(4-fluorophenoxy)ethyl)-1H-benzo
[d]imidazol-2-yl)-5-(4-methoxyphenyl)
isoxazole

R1 = OMe, R2 = 4-F

29k 5-(4-fluorophenyl)-3-(1-(2-phenoxyethyl)-
1H-benzo[d]imidazol-2-yl)isoxazole

R1 = 4-F, R2 = H
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TABLE 2 (CONTINUED)

Compound number and name Chemical structure Level of
evidence

Cell
line/malignancy

IC50 (cell growth) Mechanism of
action

Target information Toxicity Selectivity Year/Refs

29l 3-(1-(2-(4-ethylphenoxy)ethyl)-1H-benzo
[d]imidazol-2-yl)-5-(4-fluorophenyl)
isoxazole

R1 = 4-F, R2 = 4-Et

29m 5-(4-fluorophenyl)-3-(1-(2-(o-tolyloxy)
ethyl)-1H-benzo[d]imidazol-2-yl)isoxazole

R1 = 4-F, R2 = 2-Me

29n 5-(4-fluorophenyl)-3-(1-(2-(4-
nitrophenoxy)ethyl)-1H-benzo[d]imidazol-
2-yl)isoxazole

R1 = 4-F, R2 = 4-NO2

29o 3-(1-(2-(2-ethoxyphenoxy)ethyl)-1H-
benzo[d]imidazol-2-yl)-5-(4-fluorophenyl)
isoxazole

R1 = 4-F, R2 = 2-OEt

29p 5-(4-fluorophenyl)-3-(1-(2-(4-
methoxyphenoxy)ethyl)-1H-benzo[d]
imidazol-2-yl)isoxazole

R1 = 4-F, R2 = 4-OMe

29q Methyl-4-(2-(2-(5-(4-fluorophenyl)
isoxazol-3-yl)-1H-benzo[d]imidazol-1-yl)
ethoxy)benzoate

R1 = 4-F, R2 = 4-COOMe

29r 3-(1-(2-(4-fluorophenoxy)ethyl)-1H-benzo
[d]imidazol-2-yl)-5-(4-fluorophenyl)
isoxazole

R1 = R2 = 4-F

29s (EP12 original name) 3-(1-(2-(3,5-
dimethylphenoxy)ethyl)-1H-benzo[d]
imidazol-2-yl)-5-(4-fluorophenyl)isoxazole

R1 = 4-F, R2 = 3,5-di-Me

30 (R)-3-((4-chloro-2-(((1,3-dihydroxy-2-
(hydroxymethyl)propan-2-yl)amino)
methyl)-5-((30-(3-(3-hydroxypyrrolidine-1-
carbonyl)isoxazol-5-yl)-2-methyl-[1,10-
biphenyl]-3-yl)methoxy)phenoxy)methyl)
benzonitrile

Target screening
(no cells)

Not applicable IC50 (target):
23 ± 2.1 nM

PD-1/PD-L1
inhibition

PD-1 – responsible for inhibition
of immune responses,
modulation of activity of T-cells;
PD-L1 - co-inhibitory factor

ND ND 2022/(p168)

General structure for 31a-ac

31a N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-
(imidazo[1,2-a]pyridin-2-yl)phenyl)urea

Cell-based;
animal study

MV4-11 72 h:
31a 0.68 nM
31b 3.09 nM
31c 44.83 nM
31d 59.05 nM
31e > 900 nM
31f 195.14 nM
31g 82.57 nM
31h 172.31 nM
31i 12.21 nM
31j 352.76 nM
31k 248.42 nM
31l > 900 nM
31m 5.91 nM
31n 9.59 nM
31o 0.79 nM
31p 3.46 nM
31q 2.84 nM
complete tumor
regression in vivo
31r 11.59 nM
31s 29.39 nM
31t 20.94 nM
31u 24.75 nM
31v 44.48 nM

FLT3 inhibition,
31q apoptosis

FLT3 – tyrosine kinase that plays
pivotal role in the survival,
proliferation, differentiation of
hematopoietic cells

31q no signs of
toxicity in vivo

31q selectivity
through other
tested 11
cancer cell lines
(leukemia,
breast, lung,
pancreas)

2015/139

31b N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-
(imidazo[1,2-a]pyrimidin-2-yl)phenyl)urea

31c N-(5-(tert-butyl)Isoxazol-3-yl)-N'-(4-
(imidazo[1,2-a]pyrazin-2-yl)phenyl)urea

31d N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-
(imidazo[1,2-b]pyridazin-2-yl)phenyl)urea

31e N-(4-(benzo[b]thiophen-2-yl)phenyl)-N'-
(5-(tert-butyl) isoxazol-3-yl)urea

31f N-(4-(benzofuran-2-yl)phenyl)-N'-(5-(tert-
butyl)isoxazol-3-yl)urea

31g N-(4-(benzo[d]oxazol-2-yl)phenyl)-N'-(5-
(tert-butyl)isoxazol-3-yl)urea

31h N-(4-(benzo[d]thiazol-2-yl)phenyl)-N'-(5-
(tert-butyl) isoxazol-3-yl)urea

31i N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-(8-
fluoroimidazo[1,2-a]pyridin-2-yl)phenyl)
urea

31j N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-(8-
chloroimidazo[1,2-a]pyridin-2-yl)phenyl)
urea

31k N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-(8-
methylimidazo[1,2-a]pyridin-2-yl)phenyl)
urea

(continued on next page)
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TABLE 2 (CONTINUED)

Compound number and name Chemical structure Level of
evidence

Cell
line/malignancy

IC50 (cell growth) Mechanism of
action

Target information Toxicity Selectivity Year/Refs

31w 98.55 nM
31x 4.08 nM
31y 8.62 nM
31z 15.83 nM
31ab 56.08 nM
31ac 20.24 nM

31l N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-(8-
(trifluoromethyl)imidazo[1,2-a]pyridin-2-yl)
phenyl)urea

31m N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-(7-
chloroimidazo[1,2-a]pyridin-2-yl)phenyl)
urea

31n N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-(7-
bromoimidazo[1,2-a]pyridin-2-yl)phenyl)
urea

31o N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-(7-
methylimidazo[1,2-a]pyridin-2-yl)phenyl)
urea

31p N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-(7-
ethynylimidazo[1,2-a]pyridin-2-yl)phenyl)
urea

31q N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-(7-
methoxyimidazo[1,2-a]pyridin-2-yl)phenyl)
urea

31r N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-(7-
ethoxyimidazo [1,2-a]pyridin-2-yl)phenyl)
urea

31s 2-(4-(3-(5-(tert-butyl)isoxazol-3-yl)ureido)
phenyl)imidazo[1,2-a]pyridin-7-yl acetate

31t N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-(6-
fluoroimidazo [1,2-a]pyridin-2-yl)phenyl)
urea

31u N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-(6-
chloroimidazo[1,2-a]pyridin-2-yl)phenyl)
urea

31v N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-(6-
bromoimidazo[1,2-a]pyridin-2-yl)phenyl)
urea

31w N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-(6-
iodoimidazo[1,2-a]pyridin-2-yl)phenyl)urea

31x N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-(6-
methylimidazo[1,2-a]pyridin-2-yl)phenyl)
urea

31y N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-(6-
ethynylimidazo[1,2-a]pyridin-2-yl)phenyl)
urea

31z N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-(6-
cyclopropylimidazo[1,2-a]pyridin-2-yl)
phenyl)urea

31ab N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-(5-
chloroimidazo[1,2-a]pyridin-2-yl)phenyl)
urea

31ac N-(5-(tert-butyl)isoxazol-3-yl)-N'-(4-(5-
methylimidazo[1,2-a]pyridin-2-yl)phenyl)
urea

32 CCT137690; 6-bromo-7-[4-[(5-methyl-3-
isoxazolyl)methyl]-1-piperazinyl]-2-[4-(4-
methyl-1-piperazinyl)
phenyl]-3H-imidazo[4,5-b]pyridine;

Cell based;
animal study

MOLM-13, MV4-
11

0.023 and 0.062 mM
50% of mice �
complete remission
in vivo

Dual FLT3-
Aurorainhibition, cell
cycle arrest,
apoptosis

Aurora – serine/threoninekinases
regulating several stages of
mitosis

No signs of
toxicity in vivo

Activity also on
other cancer
cell lines

2012/(p169)
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TABLE 2 (CONTINUED)

Compound number and name Chemical structure Level of
evidence

Cell
line/malignancy

IC50 (cell growth) Mechanism of
action

Target information Toxicity Selectivity Year/Refs

3,5-DISUBSTITUTED ISOXAZOLINE COMPOUND
33 N-[3-(3,4-Dichlorophenyl)-isoxazolin-5-

ylmethyl]-N-phenylbenzenesulfonamide
Cell based HL-60 48 h:

62 ± 2 mM
Apoptosis ND ND 2021/(p170)

4,5-DISUBSTITUTED ISOXAZOLE COMPOUNDS
General structure for 34a-d

34a 5-methyl-N-(2-(3-morpholino-5-
(trifluoromethyl)phenyl)quinazolin-7-yl)
isoxazole-4-carboxamide

Target screening
(no cells)

IC50(target):
FLT3:
34a 3.98 mM
34b 1.58 mM
34c 0.106 mM
34d 1.03 mM
34e 4.7 mM
34f 0.79 mM
34g 3.59 mM
34h > 10 mM
ref.: Staurosporine
1.13 nM FLT (ITD)
:
34a 3.11 mM
34b 3.16 mM
34c 0.301 mM
34d 13.9 mM
34e 5 mM
34f 0.908 mM
34g 4.96 mM
34h > 10 mM
Ref.: Staurosporine
0.88 nM

FLT3 inhibition FLT3 - tyrosine kinase that plays
pivotal role in the survival,
proliferation, differentiation of
hematopoietic cells

ND 34a, 34c
excelent
selectivity
profiles over 36
protein kinases

2020/(p140)

34b 5-methyl-N-(2-(3-(4-methyl-1H-imidazol-
1-yl)-5-(trifluoromethyl)phenyl)
quinazolin7-yl)isoxazole-4-carboxamide

34c 5-methyl-N-(2-(3-(4-methylpiperazin-1-
yl)-5-(trifluoromethyl)phenyl)quinazolin-7-
yl)isoxazole-4-carboxamide

34d N-(2-(3-((4-ethylpiperazin-1-yl)methyl)-5-
(trifluoromethyl)phenyl)quinazolin-7-yl)-5-
methylisoxazole-4-carboxamide

General structure for 34e-h

34e (E)-N-(2-(4-methoxystyryl)quinazolin-7-
yl)-5-methylisoxazole-4-carboxamide

34f N-(2-(1H-indazol-5-yl)quinazolin-7-yl)-5-
methylisoxazole-4-carboxamide

34g 5-methyl-N-(2-(3-((1-methylpiperidin-4-
yl)oxy)-5- (trifluoromethyl)phenyl)
quinazolin-7-yl)isoxazole-4-carboxamide

34h 5-methyl-N-(2-(pyridin-4-yl)quinazolin-7-
yl)isoxazole-4-carboxamide

35 Leflunomide;
5-methyl-N-[4-(trifluoromethyl)phenyl]-
1,2-oxazole-4-carboxamide (name reaxys)

Cell based;
animal study;
human patient
derived cells;
clinical trial

RPMI-822,
MM.1S in vivo,
MM primary cells

RPMI-822: Metabolite
Teriflunomide 99.87 lM
MM primary cells:
Metabolite Teriflunomide
110 mM

Inhibition of PIM
kinases, c-Myc;
benefit in
combination with
lenalidomid in vivo

PIM � serine/threonine kinases
regulating cell proliferation,
survival, metabolism, cellular
trafficking and signaling(p171)

No dose-
limiting
toxicities (DLTs)
in clinical trial

ND 2019/(p93)

2020/(p172)

2021/(p173)

For each compound, chemical structure, information on the level of evidence [target screening (no cells)/cell-based/animal study/human patient-derived cells or clinical trial], half-maximal inhibitory concentration IC50 values in hematological cell lines,
targets/mechanism(s) of action, selectivity and toxicity to healthy cells has been summarized whenever known. Target information is provided for better understanding of various mechanisms of action associated with isoxazole derivatives. Abbreviations:
AML, acute myelogenous leukemia; ATR, ataxia telangiectasia and rad3-related serine/threonine kinase; BET, bromodomain and extra-terminal proteins; CARM1, coactivator-associated arginine methyltransferase 1; CCRF, acute lymphoblastic leukemia; CLL,
chronic lymphocytic leukemia; CML, chronic myelogenous leukemia; c-Myc, cellular myelocytomatosis oncogene; El-Myc/TCL1, adoptive transfer model of high grade lymphoma analogous to RT (Richter’s transformation); FLT (ITD), the FMS-like tyrosine
kinase-3 internal tandem duplication; FLT3, FMS-like receptor tyrosine kinase; HBL1, AIDS-related non-Hodgkin’s lymphoma; HDACs, histone deacetylases; HL-60, acute promyelocytic leukemia; HSP90, heat shock protein 90; K562, chronic myelogenous
leukemia; LD50, lethal dose 50; LPA, lysophosphatidic acid; CDK6, cyclin-dependent kinase 6; MDS, myelodysplasia; MINO, mantle cell lymphoma; MLL, mixed-lineage leukemia; MM, multiple myeloma; MM.1S, immunoglobulin A lambda myeloma; MOLM-
13 and sister cell line of MOLM-14, acute myeloid leukemia AML FAB M5a; MOLT-4, acute lymphoblastic leukemia; MV-4-11, B-myelomonocytic leukemia; NCI-H929, plasmacytoma; NF-jB, nuclear factor kappa-light-chain-enhancer of activated B cells; p21,
tumor suppressor protein with inhibitory effect on cell cycle progression; PBL, a peripheral blood lymphocyte; PBMC, a peripheral blood mononuclear cell; PD1/PDL1, programmed cell death 1 receptor/programmed cell death ligand 1; PI3K,
phosphatidylinositol 3-kinase; PARP, poly(ADP-ribose) polymerase; PIM kinase, proto-oncogene serine/threonine-protein kinase; ROS, reactive oxygen species; RPMI-8226, plasmacytoma; RR AML, relapsed/refractory acute myelogenous leukemia; RRMM,
relapsed/refractory multiple myeloma; RS4-11, acute lymphoblastic leukemia; SU-DHL-10, large cell lymphoma; VL51, splenic lymphoma with circulating villous lymphocytes.
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intrinsic pathway was evidenced for compounds 15, 22a and
22b through the cleavage of caspase 9. An important marker of
apoptosis, induction of cleavage of poly(ADP-ribose) polymerase
(PARP) was reported for compounds CD161 (5), 15, 18,
CCT137690 (32) and 33, which also induced cleavage of caspase
3. Compound 20b is associated with the extrinsic pathway via
an increase in cleaved caspase 8 and additionally induces
immunogenic cell death. Apoptosis was also reported for heat
shock protein 90 (HSP90) inhibitors luminespib (1) and its
derivatives 2a–h, bromodomain and extra-terminal (BET) inhibi-
tors PLX51107 (4), CD161 (5), GSK1210151A (6), 7, 16b and
FMS-like receptor tyrosine kinase (FLT3) inhibitors 28a, 31q,
CCT137690 (32).

Cell-cycle arrest
Uncontrolled cell division is a hallmark of cancer cells associated
with the dysregulation of CDKs and cyclins.(p52) Modulation of
the cell cycle is one of the most common mechanisms of action
of the studied isoxazole derivatives. In particular, compounds 15,
20a, 20b, 22a, 22b and 23b showed promising cell-cycle arrest
in the G2/M phase. Accumulation of cells in subG0/G1, sugges-
tive of cell death, was found already at 15, 20a and 20b. Further-
more, G0/G1 phase arrest was reported for compounds 4, 6, 7,
13, 14, 16b, 18 and pelabresib (19), whereas G1/S arrest was
observed for compound 32.

Production of ROS
Reactive oxygen species (ROS) generated by normal cellular
metabolism can cause damage to DNA, proteins and lipids lead-
ing to cancer-promoting mutations if their levels become too
high.(p53) Elevated ROS levels have already been observed in sev-
eral types of hematological malignancies.(p54),(p55),(p56),(p57) ROS
levels can affect the PI3K/Akt and mitogen-activated protein
kinase (MAPK) signaling pathways required for hematopoietic
stem cell (HSC) proliferation and therefore maintaining low
ROS levels is essential for ensuring the self-renewal capacity of
HSCs.(p58) Several isoxazole derivatives have been reported to
have antioxidant activity that might suggest chemopreventative
effects.(p51),(p59),(p60),(p61),(p62),(p63) By contrast, the acceleration of
accumulative ROS disrupts redox homeostasis and causes severe
damage in cancer cells.(p64) Derivative 24a induced apoptosis
in K562 cells via ROS accumulation related to dephosphorylation
of MAPK, extracellular-signal-regulated kinases (ERK1/2) and
Akt.(p65) Several authors have reported that increased ROS pro-
duction has been shown to be an effective strategy to overcome
drug resistance in leukemia(p66),(p67),(p68) and increased intracellu-
lar ROS levels in leukemic cells were associated with an elevated
sensitivity to arsenic trioxide.(p69) Despite these findings, dana-
tinib (13) reduces ROS levels to reduce mutation frequency in
FMS-like tyrosine kinase-3 internal tandem duplication (FLT3-
ITD) cells.(p70)

Inhibition of FLT3
FLT3 or CD135 is preferentially expressed on hematopoietic stem
cells and plays an important part in the survival, proliferation
and differentiation of stem cells. It is expressed on the surface
of a high proportion of AML and B-lineage ALL.(p71) Inhibition
of FLT3 and its downstream signaling mediators such as PI3K/
14 www.drugdiscoverytoday.com
Akt, MAPK/ERKs and signal transducer and activator of transcrip-
tion 5A (STAT5) is a promising therapeutic target for AML ther-
apy.(p72) FLT3 inhibition was detected in the group of fused
isoxazole compounds 13 and 14, 3,5-disubstituted compounds
such as CCT137690 (32), tert-butyl-isoxazol-ureas quizartinib
(27), 28a, 28b and 31a–ac, and 4,5-disubstituted methyl-
isoxazole-carboxamides 34a–h. Quizartinib (27), a potent and
specific FLT3 inhibitor, is already used in newly diagnosed
FLT3-ITD-positive AML patients. The tert-butyl isoxazole core
moiety of quizartinib fits within the specific hydrophobic
backward-pocket present in FLT3.(p72),(p73) Its analog marbotinib
(28a), with 5-hydroxyindole-2-carbonylbenzofurane moiety,
suppressed the growth of AML cells with FLT3-ITD and leukemic
cells carrying FLT3-ITD and mutations in the tyrosine kinase
domain (FLT3-TKD) that confer resistance to clinically used
FLT3 inhibitors.(p74) N-[5-(tert-butyl)isoxazol-3-yl]-N0-phenylurea
analogs (31a–ac) and 5-methyl-N-(2-arylquinazolin-7-yl)isoxa
zole-4-carboxamide analogs (34a–h) showed highly selective
inhibition of FLT3 in preclinical experiments.

Inhibition of CARM1
Epigenetic dysregulation plays an important part in the initia-
tion and progression of cancer by inducing changes in
histone modifications and subsequent changes in gene expres-
sion.(p75),(p76) Coactivator-associated arginine methyltransferase-
1 (CARM1), also known as protein arginine methyltransferase 4
(PRMT4), catalyzes the methylation of protein arginine residues
of histones and other chromatin-related proteins essential in
the regulation of gene expression.(p77),(p78) This epigenetic modi-
fying enzyme has little effect on normal hematopoietic function
but is highly expressed in HL and AML, and its high expression is
closely associated with poor prognosis in MM.(p77),(p79),(p80)

CARM1 overexpression blocks myeloid differentiation of human
stem or progenitor cells through methylation of the transcrip-
tion factor RUNX1.(p81),(p82) EZM2302 (3) is a selective inhibitor
of CARM1 containing a dimethylisoxazole group responsible
for van der Waals contacts with the side chains in the complex
of CARM1 with S-adenosyl-L-homocysteine.(p82)

Inhibition of BET
The BET protein family is associated with transcriptional elonga-
tion of genes such as cellular myelocytomatosis oncogene
(c-MYC) and B cell lymphoma 2 (BCL-2); and is involved in
the regulation of the cell cycle and apoptosis. BET includes four
subtypes: bromodomain-containing protein 2 (BRD2), BRD3,
BRD4 and the testis-and-ovary-specific BRDT form – BRD4 is
related to the expression of the proto-oncogene MYC.(p83) Recent
studies have reported an important role for BET inhibitors in
hematological malignancies.(p75),(p83),(p84) Gehling and co-
workers proposed that incorporating the isoxazole motif into
an azepine scaffold could increase potency against BRD4.(p85)

Trisubstituted 3,5-dimetyl-4-arylisoxazole derivatives 4–9, 11,
12a, 12b and fused isoxazoles 16a–f, 19 showed potent BET
inhibition with further determination in Table 2.

Inhibition of PD-1/PD-L1
One of the direct targets of BRD4 is the CD274 gene encoding
programmed cell death ligand 1 (PD-L1), which binds to its
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receptor programmed cell death 1 receptor (PD-1, CD279). The
PD-1/PD-L1 axis represents one of the immune checkpoints
involved in the suppression of antitumor immune responses
and is essential for reducing T-cell activation.(p86) Patients suffer-
ing from hematological malignancies have an increased number
of PD-1+ T cells. Increased PD-1 expression in T cells is considered
as an independent adverse risk factor for treatment response and
survival in AML.(p87) Inhibition of this pathway could also be an
effective approach to diffuse large B-cell lymphoma treat-
ment.(p86) Compounds 17 and 30 were potent PD-1/PD-L1 inhi-
bitors bearing a benzo[d]isoxazole or isoxazole biphenyl scaffold,
respectively.

Inhibition of c-Myc
The proto-oncogene c-Myc is important for cell-cycle regulation,
metabolism, apoptosis, differentiation, cell adhesion and partic-
ipates in the regulation of hematopoietic homeostasis. Alter-
ations in MYC expression are associated with hematological
malignancies and poor prognosis.(p88),(p89) For instance, MYC
rearrangements were reported in most cases of Burkitt lym-
phoma.(p90) BET inhibitors suppress c-Myc expression and have
been shown to be promising and effective targets in c-Myc-
dependent hematological malignancies.(p75) Isoxazole com-
pounds 6,7,11 and 16b which inhibited BET proteins also effec-
tively inhibited c-Myc. It has been observed that c-Myc G4 (G-
quadruplexes) controls 85–90% of the transcriptional activation
of c-Myc.(p91),(p92) Benzimidazolyl isoxazole derivative EP12 (29s)
inhibited the expression of c-Myc mRNA and c-Myc protein and
stabilized c-Myc G4 in MM cells. Leflunomide (35) was also
found to be potent inhibitor of c-Myc(p93) and T-5224 (18) regu-
lated the interferon regulatory factor 4 (IRF4)/MYC axis in anti-
myeloma synergy with bortezomib.(p94)

Inhibition of HDACs
Histone deacetylases (HDACs) are chromatin-modifying
enzymes that regulate targets including tumor protein p53, tran-
scription factor 1 (E2F), c-Myc, p300/CBP-associated factor
(PCAF), myogenic differentiation 1, signal transducer and activa-
tor of transcription 3 (STAT3), nuclear factor (NF)-jB p65, HSP90,
signal transduction molecules and a-tubulin.(p95),(p96) These epi-
genetic modulators can affect hematopoiesis, HSC proliferation
and differentiation, and lineage commitment.(p95),(p97) Aberrant
HDAC expression has been observed in various hematological
malignancies.(p97),(p98) Several publications deal with a more
detailed discussion of the evaluation of HDAC inhibitors in the
treatment of hematological malignancies.(p99),(p100),(p101),(p102)

Tapadar and colleagues observed selective and highly potent
isoxazole inhibitors of HDAC6 and HDAC3.(p103) Inhibition of
HDACs has also been observed with 1,2-benzisoxazole-tethered
1,2,3-triazoles such as compound 15 which has shown a high
degree of conformational complementarity to the HDAC6 bind-
ing site, allowing the formation of multiple molecular interac-
tions in the hydrophobic region and the formation of H-bonds
to the phenolic side chain.(p104)

Inhibition of HSP90
HSP90 is an ATP-dependent molecular chaperone that facilitates
protein maturation, activation and stability of various client pro-
teins such as protein kinases, transcription factors and others or
targets them for proteasomal degradation.(p105),(p106) Proliferation
and survival of leukemia cells are regulated by HSP90, which is
required for the stabilization of multiple oncogenic kinases such
as BCR-ABL, FLT3-ITD or STAT3/5.(p107) The presence of isoxazole
in the chemical structure of HSP90 inhibitors can improve their
efficacy and pharmacokinetic profile and at the same time reduce
their toxicity.(p108) Isoxazole derivatives can bind to the NH2-
terminal nucleotide-binding region of human HSP90 leading to
inhibition of cell growth and subsequent apoptosis.(p109) The role
of HSP90 in various hematological malignancies was reported by
several authors.(p107),(p110),(p111),(p112) HSP90 can serve as a prog-
nostic marker in some types of leukemias and lymphomas.(p113)

Some HSP90 inhibitors can overcome the resistance to FLT3 inhi-
bitors observed in AML. The HSP90 inhibitor NVP-AUY922 (1)
demonstrated synergistic antileukemic activity with cytarabine
in vivo.(p114) Compounds 2a–h also showed effective HSP90 inhi-
bition in MV4-11 and K562 cell lines.(p115)
Inhibition of ATR
Closely linked to the cell cycle is the ataxia telangiectasia and
rad3-related (ATR) Ser/Thr kinase, which phosphorylates check-
point kinase 1 (CHK1) in response to stalled replication forks.
ATR/CHK1 suppresses replication initiation, particularly in cells
expressing activated oncogenes and regulates cell-cycle check-
points. Combination of ATR/CHK1 inhibitors with hydroxyurea
or gemcitabine, two antimetabolites that inhibit ribonucleotide
reductase and lead to inhibition of replication fork progression,
seems to be advantageous.(p116),(p117),(p118) Among described isox-
azole derivatives, berzosertib (25) was a selective ATR inhibitor
that potentiated the cytotoxicity of gemcitabine in AML therapy
in vivo and sensitized lymphoma cells to UVA radiation.(p119) The
importance of ATR inhibition in various hematological malig-
nancies has been emphasized in several articles.(p120),(p121)
Inhibition of tubulin dynamics
The successful introduction of microtubule-targeting drugs such
as vincristine or paclitaxel underscores the importance of devel-
oping new anticancer drugs in this area. Microtubules, composed
of a,b-tubulin heterodimers and microtubule-associated proteins,
are the key components of the cytoskeleton. Agents that inter-
fere with microtubules inhibit tumor cell division and induce
G2/M phase arrest.(p122) A review by Barreca and colleagues high-
lights the importance of anti-tubulin agents in lymphoma ther-
apy.(p123) Potential isoxazole candidates that inhibited tubulin
polymerization in vitro were 20a, 20b, 20d, 20e, 20f, 20h
and 20k, of which compounds 20a and 20b were the most
promising for the treatment of refractory lymphomas.(p124) By
contrast, the build-up of acetylated tubulin stabilizes the micro-
tubules and induces apoptosis, and was reported for the treat-
ment of AML cells with compound 15.(p104)
Overcoming the resistance of hematological cancers
to conventional therapy with isoxazole derivatives
Drug resistance developed by cancer cells is a complex of mech-
anisms that can be divided into acquired (manifesting in the
context of prolonged treatment) or intrinsic (pre-existing in the
www.drugdiscoverytoday.com 15
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FIGURE 2
Selected chemical structures of important isoxazole derivatives targeting hematological malignancies classified into groups according to the substituent
binding position. Luminespib with number 1, which acts as a heat shock protein 90 (HSP90) inhibitor, belongs to group of 3,4,5-trisubstituted isoxazole
compounds. Fused isoxazole compound pelabresib (12) selectively inhibits bromodomain and extra-terminal (BET) proteins. 3,5-Disubstituted quizartinib (20)
as selective FMS-like receptor tyrosine kinase (FLT3) inhibitor and leflunomide (28) classified as 4,5-disubstituted isoxazole compound are also shown.
Created with BioRender.com.
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cancer cell population).(p125) The isoxazole curcumin analog 23b
was able to reverse drug resistance in K562 cells resistant to ima-
tinib. The cytotoxicity of 23b was associated with upregulation
of cyclin-dependent kinase inhibitor 1A (CDKN1A) gene expres-
sion and checkpoint suppressor forkhead box N3 (FOXN3).
Reduction of CDKN1A expression was consistent with a drug
resistance mechanism and decreased level of FOXN3 gene is asso-
ciated with dysregulation of the cell cycle. Although we can say
that commercial leukemia cell lines do not accurately represent
the full characteristics of the disease, it is also very important
to look at the in vivo effect or, more importantly, the effect in
patient samples. Related to this idea, another study found that
resistance to imatinib is also overcome by the compound 24a
in primary human leukemia peripheral blood mononuclear cell
(PBMC) samples. When 24a was compared with the triazole
derivative, the effect was also stronger in CML patient samples.
Bortezomib is an anticancer drug commonly used to treat MM
and nearly half of MM patients show no initial response to borte-
zomib therapy, indicating intrinsic resistance.(p125) Isoxazole
derivative EP12 (29s) promoted apoptosis in bortezomib-
resistant myeloma cells (RPMI-8226) by inducing genomic insta-
16 www.drugdiscoverytoday.com
bility and DNA damage. T-5224 (18) reversed MM cell resistance
to bortezomib. Compound CCT137690 (32), the dual FLT3–
aurora-kinase inhibitor, overcame resistance to selective FLT3
inhibition in vitro and in vivo.
Isoxazole derivates with low toxicity to healthy cells
The therapeutic potential of various anticancer drugs used in
clinical practice is limited by their off-target toxicity to healthy
cells and tissues. Drug selectivity toward cancer cells is a highly
desired property in the search for new, more-effective com-
pounds. Derivatives 22a and 22b showed very high selectivity
to cancer cells and low toxicity toward healthy peripheral blood
lymphocytes. Derivatives 20a, 20b, 20k and 20l also showed
minimal toxicity and apoptosis induction on healthy PBMCs,
requiring tenfold higher doses, suggesting a favorable therapeu-
tic index. Compound 4 demonstrated no antiproliferative effect
in healthy T cells coupled to no disruption of cytokine
production.

Many therapeutic compounds do not enter clinical trials
owing to their high hemolytic activity. With this in mind,
derivatives 24b, 24c, 24d and 24e have shown minimal induc-
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tion of hemolysis (<10%, even at a higher concentration of
400 mg/ml). Compound 24a was also minimally hemolytic-like
up to a concentration of 200 mg/ml and showed 40% hemolysis
at a concentration level of 400 mg/ml (�1.14 mM). Favorable sys-
temic tolerability was successfully demonstrated for derivatives
3, 5, 28 and 31q in animal studies. Additionally, compound
15 showed no cytotoxic effect on normal bone marrow
(C57BL/6), whereas berzosertib (25) did not induce bone marrow
dysmorphology. By contrast, some compounds show consider-
able toxicity to healthy cells: reverse ocular toxicity was reported
for luminespib (1), which prevents its use in clinical practice and
its liposomal administration is currently under investiga-
tion.(p126) Common adverse drug reactions such as reversible
thrombocytopenia, nausea and fatigue were observed in a clini-
cal trial focused on pelabresib (19), showing an acceptable risk–
benefit profile with a recommendation to proceed to the next
phase of clinical trials.(p127)
FIGURE 3
Isoxazole derivatives described in Table 2 and their mechanisms of action tow
arrest and reactive oxygen species (ROS) production, inhibition or stimulation
coactivator-associated arginine methyltransferase 1; ATR, ataxia telangiectasia
proteins; PD1/PDL1, programmed cell death 1 receptor/programmed cell deat
oncogene; FLT3, FMS-like receptor tyrosine kinase; HSP90, heat shock protein 9
SAR of isoxazole-derived compounds against
hematological malignancies
The variability in nature of the ligands bound to the isoxazole
ring hindered a precise determination of SAR. Nevertheless, some
observations could be drawn according to their distinct biologi-
cal activities. The most potent molecule from the first 3,4,5-
trisubstituted isoxazoles is luminespib (1), a HSP90
inhibitor.(p128),(p129),(p130),(p131) Its analogs 2a–f have the identi-
cal 4-isopropylresorcinol group on the C-5 position and N-
ethylamidic function on the C-3 position of the isoxazole. The
addition of a polar alkyl or aryl amide group at the C-4 position
(2a–f) resulted in the increased antiproliferative activity on K562
cells (IC50 = 18.01–71.57 nM) compared to luminespib
(IC50 = 61 nM).(p115)

BET inhibition is the most frequently observed mechanism of
action among the 3,4,5-trisubstituted compounds. The 3,5-
Drug Discovery Today

ard hematological malignancies including induction of apoptosis, cell-cycle
of specific targets such as tubulin polymerization. Abbreviations: CARM1,
and rad3-related Ser/Thr kinase; BET, bromodomain and extra-terminal

h ligand 1; HDACs, histone deacetylases; C-Myc, cellular myelocytomatosis
0. Created with BioRender.com.
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dimethyl isoxazole containing a bicyclic or tricyclic system in
position 4 with at least two nitrogen atoms was disclosed as a
preferred binding motif for bromodomains. The methoxy group
is also presented on this fused ring in the position next to the
isoxazole linkage. Compound I-BET151 (6) is the first
dimethylisoxazole template with potent activity against cell lines
harboring various MLL fusions (MV4-11, RS4-11, MOLM13,
NOMO1, HEL, MEG01, HL-60) without affecting leukemia cells
induced by tyrosine kinase activation.(p132) The activity of its
5H-pyrido and 9H-pyrimido[4,3-b]indole analogs on MV4-11
and MOLM-13 cells is summarized in Figure S1 (see supplemen-
tary material online). Its analog PLX51107 (4) with 4-azaindole
cycle and polar benzoic scaffold is in clinical trials against solid
tumors, lymphoma, AML and MDS.(p133) BET inhibition was also
reported for 5H-pyrido and 9H-pyrimido[4,3-b]indole analog RX-
37 (8)(p134) and similarly effective 9H-pyrimido[4,3-b]indole with
a quinoline ring CD161 (5) showing good oral pharmacokinetics
in vivo.(p135) Selective BET inhibitors pelabresib (19) and the N-(3-
ethyl-6-methoxybenzo[d]isoxazol-5-yl)-4-benzenesulfonamides
(16a–f) can be found among fused isoxazole compounds.
Pelabresib (19, CPI-0610), containing a lipophilic chlorophenyl
group and polar acetamide group, is currently being evaluated
in clinical trials for myelofibrosis therapy.(p136) Compound
CF53 (9) with 9H-pyrimido[4,3-b]indole scaffold and the amine
group between two cycles binds to BRD4 BD1 protein with Ki val-
ues <1 nM and achieves the lowest nanomolar IC50 values of
11.7 nM in MOLM-13 cells.(p137)

Effective inhibition of FLT3 was reported for fused isoxazole
compounds N,N0-diaryl-ureas 13 and 14 with a 3-amino-
isoxazol[3,4-b]pyridine scaffold. The isoxazole could serve as a
favorable pharmacophore (Figure S2, see supplementary material
online) with an essential role in binding with the ATP-binding
site of FLT3.(p174) Compound 14 containing the acrylamide
Michael acceptor acts as an irreversible covalent FLT3 inhibitor
with strong inhibitory activity againstMOLM-13 cells (IC50 = 507-
nM), as well as MV4-11 (IC50 = 325 nM) bearing a FLT3-ITDmuta-
tion.(p138) Danatinib (13) with a 4-chloro-3-trifluoromethyl group
on a phenyl scaffold resulted in decreased IC50s: 0.89 nM and
4.6 nM in MV4–11 and MOLM-13 cells, respectively.(p70)

The FLT3 inhibitors 27, 28a, 28b and 31a–ac with similar N,
N'-diaryl-urea moiety belong to the 3,5-disubstituted isoxazole
compounds. They connect the 5-tert-butylisoxazol-3-yl pharma-
cophore with various fused rings (Figure S3, see supplementary
material online). Marbotinib (28a) shows high selectivity for
FLT3 and alters signaling, reminiscent of the genetic elimination
of FLT3-ITD. The clinical development of this compound is
planned.(p74) Among the series of N-[5-(tert-butyl)isoxazol-3-yl]-
N'-phenylurea derivatives of quizartinib 31a–ac is an electron-
rich fused ring: imidazo[1,2-a]pyridine at the phenyl most effec-
tive for the antiproliferative activity of MV4-11 cells and the
introduction of substituents in C7 and C-6 positions were more
tolerated than in C5 and C8 position.(p139) The last series of
4,5-disubstituted isoxazole compounds involve 4-arylamido 5-
methylisoxazole derivatives with a quinazoline core 34a–h
and significant activity against FLT3 and FLT3-ITD. Compound
34c (4-methylpiperazine substituted) showed the most potent
18 www.drugdiscoverytoday.com
inhibition of FLT3 and FLT3-ITD, and an excellent selectivity
profile having 20% or less activity toward other kinases.(p140)
Concluding remarks
The current review article has examined the role of isoxazole
derivatives in the treatment of hematological malignancies,
where there is still an unmet medical need, and has provided
guidance on the potential therapeutic strategies offered by these
compounds. Through the analysis of the available evidence, the
promising prospects of isoxazole derivatives as anticancer agents
in the context of hematological malignancies have been summa-
rized. Some of the isoxazole derivatives have shown the ability to
target specific pathways in cancer cell proliferation and survival
providing an exciting opportunity for the development of novel
treatment strategies. In particular, isoxazole derivatives have
shown high cancer selectivity coupled with the ability to over-
come cancer drug resistance to conventional therapy while hav-
ing minimal effects on healthy cells. Despite encouraging
findings, further research is required to elucidate their efficacy
and safety profiles, optimize dosing regimens and explore poten-
tial synergies with existing therapies. With continued investiga-
tion and translational efforts, compounds with an isoxazole
skeleton in their structure could emerge as valuable additions
to the therapeutic landscape for the treatment of hematological
malignancies, offering improved outcomes and enhanced qual-
ity of life for patients.
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