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ti-proliferative activity, multi-
target kinase inhibition against CHK1, PIM1, and
CDK-2, and computational insights of new
thiazole-based hybrids

Najla A. Altwaijry, a Ismail M. M. Othman,b Manal M. Anwar, *c Soha S. Nosier,d

Asmaa Saleh, a Nada Y. Tashkandie and Eman S. Nossier*f

In the current medical landscape, multi-targeting by a single small molecule is recognized as an effective

strategy in the fight against cancer. This study contributes to the global effort to combat cancer by

focusing on the synthesis of novel thiazolopyrazoles 2–7, thiazolodiazenylyhiazoles 9a–c, and

thiazolotriazolopyrimidines 11a–c. The diazonium salt of 2-aminothiazole was reacted with 3-

chloroacetyl acetone, resulting in the formation of 2-oxo-N0-(thiazol-2-yl)propanehydrazonoyl chloride
(1). This compound served as a key intermediate precursor for synthesizing the latter compounds, which

were proposed as anti-proliferative candidates with multi-kinase inhibitory activities against CHK1, PIM1,

and CDK-2. Most of the derivatives exhibited significant cytotoxic activities when assessed for their

antiproliferative effects against various tumor cell lines, including lung (EKVX), breast (MCF-7), and colon

(HCT116). Derivative 11c, featuring a triazolo[4,3-a]pyrimidine scaffold, exhibited significant

antiproliferative activity against the evaluated cell lines (IC50 = 4.8, 5.6, and 6.50 mM, respectively).

Furthermore, 11c demonstrated a favorable safety profile against FHC and MCF10A normal cells and

showed notable inhibitory activity against the kinases PIM1, CDK-2, CK2a, and CHK1 (IC50 = 0.49 ± 0.02,

0.845 ± 0.05, 4.87 ± 0.18, and 0.032 ± 0.002 mM, respectively). Biological assays investigated the ability

of compound 11c to induce apoptosis in MCF-7 cells, arrest the cell cycle at the G1/S phase, and

suppress the growth activity of MCF-7 (the wound closure % = 67.407 ± 2.17%, compared to 94.815 ±

3.05% for untreated cells). Docking simulations suggested potential binding modes for 11c, which aligned

closely with findings from enzymatic examinations. The in silico physicochemical properties, drug-

likeness metrics, and ligand efficiency of 11c appeared to be promising.
1 Introduction

Cancer is a signicant problem impacting the health of all
human societies and stands as one of the leading causes of
mortality.1,2 This disease is linked to genetic instability, which
leads to it interfering with the normal regulation of the cell
cycle, eventually causing cells to grow and spread in an
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abnormal way.3,4 Several studies have shown that selective
anticancer drugs must effectively eliminate target malignancies
while minimizing damage to healthy cells.5–7 The growing
understanding of kinase proteins has driven the development
of kinase inhibitors, which serve as targeted therapies that
exhibit minimal toxicity to normal cells, in contrast to tradi-
tional cytotoxic chemotherapies.8–10

Activin receptor-like kinase-2 (ALK2) plays an important role
in controlling cell growth, proliferation, and survival and, in
cancer, oncogenic transformation and immune evasion.11–13

There are various FDA-approved ALK inhibitors used for cancer
treatment. Crizotinib is the rst ALK inhibitor approved by the
US FDA,14–16 ceritinib, alectinib, and brigatinib represent the
second generation, and the third-generation ALK TKI, lorlati-
nib, has shown enhanced activity against commonly known
resistance mutations.16

PIM (Provirus Integration in Maloney) kinases are serine/
threonine kinases.17,18 Three isoforms—PIM-1, PIM-2, and
PIM-3—compose the PIM kinase family.19,20 PIM kinases are
© 2026 The Author(s). Published by the Royal Society of Chemistry
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pathologically overexpressed in various solid tumors and
hematological malignancies. Notably, PIM kinases are absent in
benign tumors.21–25 The upregulation of Pim-1 kinase results in
increased levels of Bcl-2 and decreases the release of the pro-
apoptotic protein Bax, which leads to the inhibition of
apoptosis.26 Most research on Pim inhibitors has concentrated
on Pim-1 inhibitors, largely due to Pim-2's signicantly lower
Km for ATP, which is 100 times lower than that of Pim-1 and
Pim-3.27 Currently, several PIM kinase inhibitors are under-
going clinical trials in phase I/II28–31 (Fig. S1, SI).

Furthermore, cyclin-dependent kinases (CDKs) are another type
of serine/threonine kinases that play a vital role in regulating
transcription, the cell cycle, and various other cellular
processes.32,33 The dysregulation of cyclin-dependent kinases
(CDKs), oen due to overexpression or hyperactivation, is a hall-
mark of various malignancies. This dysregulation results in
uncontrolled growth, genomic instability, and tumor progression.34

CDK-2 is rendered as a prospective therapeutic target because it
regulates the cell G1/S phase transition and is also involved in
many signaling pathways that are essential for the survival and
proliferation of cancer cells.35 Roscovitine (V), dinaciclib (VI), and
fadraciclib (VII) are FDA-approved drugs that exhibit improved
potency and selectivity for various CDKs, specically CDK-2.34,36,37 It
has been documented that multi-kinase inhibitors improve anti-
cancer efficacy by simultaneously inhibiting many oncogenic
drivers, in contrast to single kinase inhibitors, which frequently
result in compensatory pathway activation and drug resistance.38

Heterocyclic nuclei possess the ability to engage in various
intermolecular interactions, including hydrogen bonding, pi
stacking, metal coordination bonds, van der Waals forces, and
Fig. 1 The design strategy of new thiazole-based multi-kinase inhibitor

© 2026 The Author(s). Published by the Royal Society of Chemistry
hydrophobic interactions. This versatility enables them to bind
to different enzymes in diverse ways.39–41 Various thiazole-based
compounds play signicant roles as anticancer agents due to
their ability to bind to multiple cancer-specic protein targets.41

Several FDA-approved anticancer drugs, currently in therapeutic
use, primarily feature the thiazole nucleus. These include dab-
rafenib,42 dasatinib,43 ixabepilone,44 alpelisib,45 bleomycin,46

and tiazofurin.47 Additionally, pyrazole and [1,2,4]triazolo[4,3-a]
pyrimidine ring systems represent other heterocyclic examples
with potential anticancer activity, targeting various cancer-
specic proteins48,49 (Fig. S2, SI).

The structure–activity relationships (SAR) shared by the most
effective multi-kinase inhibitors have been claried as follows:
(a) hydrophobic interactions with several amino acids that line
the hydrophobic pocket of the ATP binding site, (b) fused planar
heterocycles that occupy the same spatial conguration as the
adenine ring of ATP, and (c) hydrogen bond interactions with
the hinge region (Fig. 1). When designing the new compounds
2–11, drugs I–IV served as templates. Based on the pharmaco-
phoric cores variation approach, various substituted heterocy-
clic rings, such as thiazole, pyrazole, and triazolo[4,3-a]
pyrimidine, were utilized to interact with the hinge region and
replace adenine in the ATP-interacting site. Molecular optimi-
zation was performed around these scaffolds by selecting
different substituents at various positions that contain nitrogen
or oxygen atoms, including acetyl, amino, carbonitrile, carbox-
ylate, and carboxamide aiming to facilitate binding with the
active sites of the target kinases through hydrogen bonding.
Additionally, several substituted phenyl and methyl groups
were incorporated into the novel compounds to engage with the
s.

RSC Adv., 2026, 16, 14010–14026 | 14011

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00253f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/5

/2
02

6 
6:

40
:1

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
hydrophobic pocket and strengthen the hydrophobic interac-
tions in the hinge area. A nitrile group is known to affect the
physicochemical and pharmacokinetic properties of
compounds, which enhances both bioavailability and selectivity
toward target enzymes by promoting the formation of various
types of bonds. Moreover, the carbonitrile group improves
compound stability by blocking metabolically labile sites.50 So,
a cyano substituent was incorporated into compounds 2, 5, and
11a–c (Fig. 3). Consistent with earlier ndings and aiming to
obtain new antitumor agents with synergistic efficacy, the
strategy of this study was focused on designing and synthe-
sizing new thiazolopyrazole and thiazolotriazolo[4,3-a]
pyrimidine-based agents that comply with the pharmaco-
phoric characteristics of protein kinase inhibitors (Fig. 3). All
the new analogs were assessed for their cytotoxic efficacy
against lung (EKVX), breast (MCF-7), and colon (HCT116)
cancer cells, utilizing MTT assay.51,52 The most potent cytotoxic
triazolo[4,3-a]pyrimidine congener, 11c was further assessed as
a multi-targeting suppressor against ALK2, PIM1, CDK-2, CK2a,
and CHK1 kinase enzymes and its effect on the cell cycle,
apoptosis induction, and wound healing. Based on the
encouraging enzyme inhibition by 11c, a docking simulation
and prediction of ADMET were established.
2 Experimental
2.1. Chemistry

2.1.1. General. The methods employed for estimating
melting points, as well as the spectral data (IR, 1H NMR, and 13C
Scheme 1 Synthetic approach for preparation of the target thiazolopyra

14012 | RSC Adv., 2026, 16, 14010–14026
NMR) and chemical analyses, are detailed in the le of SI. The
synthetic compounds' chemical names are in accordance with
IUPAC nomenclature.

The experimental details of the synthesized compounds and
their spectral characterization are transferred to the SI section.
2.2. Biological activities

The methods used for antiproliferative investigations kinase
inhibitory activities, cell cycle, apoptosis, and wound healing
analyses, were described in details in the SI.
2.3. In silico studies

The computational analyses included molecular docking with
MOE soware (Molecular Operating Environment) (MOE-Dock)
version 2024.0601 (Chemical Computing Group, Montreal,
Canada) and ADMET prediction via the free online SwissADME
and AdmetSAR 1.0 websites. The SI contained further infor-
mation on molecular docking.
3 Results and discussion
3.1. Chemistry

The synthetic strategy for preparing the target congeners is
depicted in Schemes 1–3. The synthesis began with the treat-
ment of 2-aminothiazole with concentrated hydrochloric acid
(HCl) and sodium nitrite in an ice bath at temperatures between
0 and 5 °C, which facilitated the formation of the diazonium
salt. This salt was subsequently added to a solution of 3-
zoles 2–7.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthetic approach for preparation of the target thiazolodiazenylthiazole derivatives 9a–c.
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chloroacetyl acetone in ethanol containing sodium acetate,
leading to the formation of the corresponding 2-oxo-N0-(thiazol-
2-yl)propanehydrazonoyl chloride (1). The rst group of thia-
zolopyrazoles, 2–7, was formed by mixing the important pro-
panehydrazonoyl chloride derivative 1 with a number of active
methylene compounds, such as malononitrile, ethyl 2-cyanoa-
cetate, 2-cyanoacetamide, 3-oxo-3-phenylpropanenitrile,
pentane-2,4-dione, and ethyl 3-oxobutanoate, in a sodium eth-
oxide solution for 8 hours.

The proposed mechanism for the formation of the
substituted pyrazole ring involves a nucleophilic attack by active
methylene derivatives on hydrazonoyl chloride 1, resulting in
the formation of adduct A. This adduct subsequently undergoes
intramolecular cyclization. Specically, route A leads to the
formation of 5-aminothiazol-1H-pyrazole derivatives 2–4 when
malononitrile, ethyl 2-cyanoacetate, or 2-cyanoacetamide is
used. In contrast, the 5-phenylthiazol-1H-pyrazole derivative 5 is
formed through route B, utilizing 3-oxo-3-phenylpropanenitrile
(Scheme S1, SI).

Furthermore, the cyclocondensation reaction of the starting
hydrazonoyl chloride derivative 1 with various thiourea deriva-
tives—specically thiourea, 1-methyl-2-thiourea, and N-phenyl-
2-thiourea—was conducted through the Hantzsch reaction,
followed by dehydration. This process resulted in the formation
of the corresponding thiazolodiazenylthiazol-2-amine deriva-
tives 9a-c (Schemes 2 and S2 (SI)).
Scheme 3 Synthetic approach for preparation of the target thiazolotriaz

© 2026 The Author(s). Published by the Royal Society of Chemistry
Moreover, the thiazolotriazolo[4,3-a]pyrimidine derivatives
11a–c were synthesized through the reaction of the key hydra-
zonoyl chloride derivative 1 with various 2-thioxo-pyrimidinone
derivatives, including 5-isocyano-6-(phenyl/4-methoxyphenyl/4-
chlorophenyl)-2-thioxo-2,3-dihydropyrimidin-4(1H)-ones 10a–c,
in ethanol that was alkalinized with piperidine. The reaction
can proceed via nucleophilic attack by either the nitrogen atom
or the sulfur atom of the thiopyrimidine ring (routes A and B,
respectively) on the carbon atom of the hydrazonyl chloride that
contains the chlorine atom, which results in the elimination of
HCl. This nucleophilic substitution is typically followed by
intramolecular cyclization, leading to the release of H2S and the
formation of the target thiazolotriazolo[4,3-a]pyrimidines 11a–c
(Schemes 3 and S3 (SI)).

All the nal compounds, 2–11a–c, exhibited satisfactory
elemental analyses, and the obtained spectroscopic data (IR, 1H
NMR, and 13C NMR) were consistent with their assigned
structures (experimental section).

3.2. Biological activity assessment

3.2.1. In vitro antiproliferative activity. It has been docu-
mented that ALK2, PIM1, and CDK-2 play important roles in
tumorigenesis across various types of cancer, including breast,
colon, and lung cancers. Their suppression has a signicant
impact on these cancer types.53–56 Consequently, the newly
synthesized derivatives were evaluated for their cytotoxicity
olo[4,3-a]pyrimidine derivatives 11a–c.

RSC Adv., 2026, 16, 14010–14026 | 14013
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Fig. 2 Cytotoxic activity of the new derivatives 1–7, 9a–c, and 11a–c against MCF-7, HCT116, and EKVX cancer cell lines.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/5

/2
02

6 
6:

40
:1

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
against the breast (MCF-7), colon (HCT116), and lung (EKVX) cell
lines (all examined carcinomas, in addition to the normal colon
cells (FHC) and normal breast cells (MCF10A) were obtained
from American Type Culture Collection (VA, USA)), using MTT
assay57 and utilizing doxorubicin as a reference drug. The
concentrations of the molecules that resulted in a 50% reduction
in cell viability (IC50, mM) were measured (all the obtained data
were evaluated as mean ± SD from three independent tests).

In terms of cytotoxic potency against the HCT116 cell line,
the tested thiazole-based derivatives 5–11a–c exhibited strong
activity, surpassing that of the reference drug, with IC50 values
ranging from 2.9 to 6.4 mM and 7.3 mM, respectively. In contrast,
compounds 1–4 demonstrated noticeably lower activity, with
IC50 values ranging from 13.5 to 18.6 mM.

For the MCF-7 cell line, the thiazolodiazenylthiazole deriva-
tive 9c and the triazolo[4,3-a]pyrimidine derivatives 11a–c di-
splayed similar potency to that of doxorubicin, showing IC50

values between 5.6 and 7.9 mM and 4.3 mM, respectively. The
other derivatives were less effective, with IC50 values ranging
from 8.1 to 17.3 mM.

Regarding cytotoxic activity against EKVX, derivative 11c
exhibited 1.6-fold greater activity compared to doxorubicin (IC50

= 4.8 and 7.8 mM, respectively). The remaining derivatives
Table 1 Inhibitory assessment of the screened triazolo[4,3-a]pyrimidine
lorlatinib, staurosporine, silmitasertib, SCH900776, and rescovitine, resp

Compound no.

IC50 (mM) (mean � SEM)

ALK2 PIM1

11c 3.61 � 0.15 0.49 � 0.02
Lorlatinib 0.25 � 0.01 —
Staurosporine — 0.32 � 0.05
Roscovitine — —
Silmitasertib — —
SCH900776 — —

a IC50: compound concentration resulted in suppression the enzyme activ
independent tests.

14014 | RSC Adv., 2026, 16, 14010–14026
showed lower activity, with IC50 values ranging from 15.1 to 25.7
mM. The results are illustrated in Fig. 2.

The cytotoxicity data indicated that compound 11c repre-
sented the most potent antiproliferative activity against the
three examined cell lines. Consequently, the in vitro cytotoxicity
of 11c was further examined against the normal colon cell line
(FHC) and the normal breast cell line (MCF10A). Compound 11c
showed a good safety prole, with high IC50 values of 65.90 ±

0.80 mM and 71.55 ± 1.45 mM against the FHC and MCF10A
cells, respectively. It also displayed selectivity indexes (SIs) of
10.26 and 13.5, indicating a better safety prole compared to
doxorubicin, which has SIs of 4.97 and 6.90, respectively (Table
S1 in the SI le).

Based on the obtained results, the following points can be
investigated:

� The thiazolotriazolo[4,3-a]pyrimidine scaffold is favorable
for potent antiproliferative activity.

� The carbonyl oxygen at position 7 of the triazolo[4,3-a]
pyrimidine ring is considered an H-bond acceptor for the target
proteins, resulting in potent activity.

� Additionally, the chlorine atom is considered an H-bond
donor with different amino acid residues in the target
proteins and has a satisfactory t and potent activity.
11c against ALK2, PIM1, CK2a, CHK1, and CDK-2 in comparison with
ectivelya

CDK-2 CK2a CHK1

0.845 � 0.05 4.87 � 0.18 0.032 � 0.002
— — —
— — —
0.64 � 0.012 — —
— 0.074 � 0.002 —
— — 0.040 � 0.003

ity by 50%, SEM: standard error mean; each value is the mean of three

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SAR study based on the antiproliferative and the kinase inhibitory activities.
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3.2.2. In vitro multi-kinase inhibitory assessment of
compound 11c. Based on the previous results, it was investi-
gated that the triazolo[4,3-a]pyrimidine derivative 11c exhibited
signicant antiproliferative activity against the three tested cell
lines, EKVX, MCF-7, and HCT116, with a promising safety
record. The compound 11c was further subjected to in vitro
kinase inhibition assays separately using recombinant human
kinases (ALK2, PIM1, and CDK-2) to determine IC50 values,
utilizing lorlatinib, staurosporine, and roscovitine as reference
drugs and ELISA technique. The kinases kits were gained from
Biosciences and Biovision (SD, USA). The resulting data indi-
cated that compound 11c had notable potency against the
kinases PIM1 and CDK-2 (IC50s = 0.49 ± 0.02 and 0.845 ± 0.05
mM, respectively) in comparison to the standard drugs staur-
osporine and roscovitine (IC50s = 0.32 ± 0.05 and 0.64 ± 0.012
mM, respectively). Conversely, compound 11c showed a signi-
cant decrease in potency against ALK2 when compared to the
reference drug lorlatinib, with IC50 values of 3.61 ± 0.15 and
0.25 ± 0.01 mM (Table 1).

3.2.3. CK2a, and CHK1 inhibitory assessment of
compound 11c. The primary roles of CK2a (serine/threonine
kinase) include promoting anti-apoptotic actions, facilitating
cell growth, and supporting proliferation. It is elevated in
Fig. 4 Identification of PIM1, CDK-2, and CHK1 levels in MCF-7 after a 24
actin as reference).

© 2026 The Author(s). Published by the Royal Society of Chemistry
conditions such as leukemia, lymphoma, and various solid
tumors, including breast, colon, and non-small cell lung
cancer.53–57 Many PIM1 inhibitors also act as effective CK2a
inhibitors due to structural similarities between CK2a and
PIM1.58,59

As a result, dual inhibitors targeting both enzymes demon-
strate a synergistic anticancer effect. CHK1 is a serine/threonine
kinase (STK) that plays a crucial role in regulating the cell cycle.
In addition to its function in facilitating the repair of DNA
damage, CHK1 may also contribute to resistance against
chemotherapy and radiation. It is particularly signicant during
the G2/M phase of the cell cycle.60,61 Reports have indicated that
both CHK1 and CDK-2 are upregulated in various cancer types,
and there are also dual inhibitors available, such as Dinaciclib
III and SCH900776 IV.62,63 Consequently, since compound 11c
demonstrated promising inhibitory effects against PIM1 and
CDK-2, it warranted further investigation of its inhibitory
activity against CK2a and CHK1, with the hope that this deriv-
ative could serve as a multitarget inhibitor.11 The results are
presented in Table 1. Compound 11c showed notable inhibitory
activities against CHK1, with an IC50 value that was very close to
that of the reference drug SCH900776 (IC50 = 0.032 ± 0.002 and
0.040 ± 0.003 mM, respectively). The suppression potency
hours incubation at the IC50 value using western blot Protocol (with b-

RSC Adv., 2026, 16, 14010–14026 | 14015
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Fig. 5 (A) Histograms of Annexin-V/Propidium iodide staining showing untreated and 11c-treated MCF-7 cells with the IC50 value. (B) Distri-
bution of cell populations in each cell cycle phase: “G1, S, and G2,” as determined by DNA content analysis through flow cytometry.

Table 2 Results of wound healing in untreated and 11c-treatedMCF-7
cells after 72 hours of incubation at the IC50 value

Compound no.

Wound healing

% Closure

11c/MCF-7 67.407 � 2.17
Cont. MCF-7 94.815 � 3.05
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against CK2a was signicantly lower, with compound 11c di-
splaying an IC50 value of 4.87 ± 0.18 mM. In comparison, the
standard drug silmitasertib had an IC50 value of 0.074 ± 0.002
mM (Table 1 and Fig. 3).

3.2.4. Evaluation of PIM-1, CK2a, and CHK1 inhibitory
activity using western blot assay. Western blot analysis was
carried out to evaluate the success of compound 11c in down-
regulating the expression levels of the kinases that were
signicantly affected by its treatment (PIM1, CDK-2, and
CHK1).58 To assess if the investigated enzymatic suppression by
11c translated into changes in the target protein levels within
a cellular context, western blot analysis was performed on MCF-
7 breast cancer cells, which were incubated with 11c at its IC50

concentration (5.30 mM) for 24 hours. Then, the expression
levels of PIM1, CDK-2, and CHK1 kinases were evaluated, using
b-actin as a loading control. The signal was detected by a color
development solution containing nitroblue tetrazolium (NBT)
and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) to measure
the band intensities.

As shown in Fig. 4, treatment with 11c resulted in a notice-
able decrease in the protein expression levels of PIM1 and CDK-
2 in MCF-7 cells compared to the untreated control. A modest
decrease in CHK1 expression levels was detected. The obtained
protein level downregulation of the abovementioned kinases
14016 | RSC Adv., 2026, 16, 14010–14026
supported the cellular mechanism of action for 11c that goes
beyond direct enzymatic inhibition, potentially leading to its
antiproliferative effects.

3.2.5. Cell cycle analysis of compound 11c. Normal cell
growth and division are regulated by four stages of the cell cycle:
the pre-G1, G1, S, and G2/M phases. A common strategy used by
many cancer cells is to exploit cell cycle downregulation, leading
to uncontrolled cell divisions. Consequently, targeting specic
phases of the cell cycle represents a critical therapeutic strategy
in the treatment of antiproliferative diseases.64,65

MCF-7 cells treated with an IC50 of 11c (4.30 mM) experienced
cell cycle arrest in the G1/S stages following a 24 hours incu-
bation period [64, 65]. The DNA content increased to 63.44% in
the G1 phase and 35.28% in the S phase, compared to the
control values of 55.07% and 31.71%, respectively. This increase
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Results of wound healing in untreated and 11c-treated MCF-7 cells after a 72 hours incubation at 11c's IC50 value.
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in DNA content was accompanied by a decrease in the G2/M
phase percentage, which dropped to 1.02% compared to the
control level of 13.21% (Fig. 5B and S3A).

3.2.6. Apoptosis induction of 11c. The Annexin V-FITC/
propidium iodide (PI) dual staining approach was used to
examine compound 11c's ability to induce apoptosis [64, 65]. The
Annexin V assay enables the measurement of the kinetics of
apoptotic cell death with respect to the cell cycle and can detect the
early stages of apoptosis prior to the loss of cellmembrane integrity.
Table 3 Docking data of the promising triazolo[4,3-a]pyrimidine 11c w
original ligands 26L, 22K, and roscovitine (PDB codes: 4MBL, 3OT3, and

Compd. no.
Docking score
(kcal mol−1)

Amino acid residues
(bond length Å)

26L/PIM-1 −10.23 Lys67(2.88)
Asp128(2.33)
Glu171(2.39)

11c/PIM-1 −9.88 Lys67(3.21)
Glu171(3.43)
Ile185

22K/CHK1 −9.96 Leu15
Cys87(3.03, 2.87)
Glu91, Glu134(2.84)

11c/CHK1 −9.65 Glu55(3.06)
Cys87(3.03, 2.87)

Roscovitine/CDK-2 −9.75 Ile10
Glu81(3.24)
Leu83(3.18, 2.75)

11c/CDK-2 −10.13 Glu51(2.75, 3.41)
Phe82(3.26)
Leu83(2.76)
Ile10

© 2026 The Author(s). Published by the Royal Society of Chemistry
MCF-7 cells were treated with the IC50 of compound 11c (4.30
mM) for 24 hours. The ndings indicated an increase in the
proportion of total apoptotic and necrotic cells in MCF-7
(33.21%) compared to the control cells (2.94%). Compound
11c increased early apoptosis from 0.37% (control) to 6.49%
and also elevated late apoptosis from 0.025% (control) to
19.57%. Additionally, 11c enhanced the necrotic effect from
2.32% (control) to 7.15% in the treated cells (see Fig. 5A and
S3B, SI).
ithin the active sites of PIM1, CHK1, and CDK-2, compared with their
3DDQ, respectively)

Atoms of compound Type of bond

Pyrazole(N1) H-acc
NH2 H-don

H-don
Triazolo[4,3-a]pyrimidinone (CO) H-acc
Cl Halogen-don
Triazole Arene-H
pyrazolo[1,5-a]pyrimidine Arene-H
pyrazolo[1,5-a]pyrimidine(N1,NH2) H-acc, H-don
C6H10(NH2) Ionic, H-don
Cl Halogen-don
Triazolo[4,3-a]pyrimidinone (CO, N8) H-don, H-acc
Benzyl Arene-H
Purine(C8) H-don
Purine(C7), benzylamine(NH) H-acc, H-don
Cl Halogen-don
Triazolo[4,3-a]pyrimidinone (CO) H-acc
Triazolo[4,3-a]pyrimidinone (CO) H-acc
Triazolo[4,3-a]pyrimidinone Arene-H

RSC Adv., 2026, 16, 14010–14026 | 14017
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The results suggest that effectively initiating and concluding
the apoptotic process, which leads to the breakdown and death
of tumor cells, as well as activating apoptosis, are among the
promising cytotoxic effects of 11c.

3.2.7. The effect of compound 11c on the cell migration of
MCF-7 cancer cell line. Using the in vitro cell scratch assay,66 the
impact of 11c on human breast cancer cells (MCF-7) cell
migration was assessed. To assess migratory changes in the
control MCF-7 cells and those treated with 11c, the scratch
region was reexamined under a microscope aer incubation (72
hours). The cell scratch assay results demonstrated that the
MCF-7 cells' ability to migrate was considerably diminished
aer being treated with hit 11c for 72 hours. Compared to
untreated cells (scratch closure = 94.815 ± 3.05%), compound
11c effectively suppressed migratory activity of MCF-7 cancer
cells (scratch closure = 67.407 ± 2.17%) aer 72 h of incuba-
tion, as illustrated in Table 2 and Fig. 6.
Fig. 7 A and B views demonstrate two and three dimensional binding po
PIM1 (PDB code: 4MBL).

14018 | RSC Adv., 2026, 16, 14010–14026
3.3. In silico studies

3.3.1. Molecular docking. Considering the encouraging
inhibition of PIM1, CHK1, and CDK-2 kinases by triazolo[4,3-a]
pyrimidine 11c, a docking simulation was established using
MOE soware (Molecular Operating Environment) (MOE-Dock)
version 2024.0601 (Chemical Computing Group, Montreal,
Canada)67–70 to forecast the potential binding affinities of that
candidate. The protein data bank was accessed to obtain the X-
ray crystallographic structures of PIM1, CHK1, and CDK-2 along
with their co-crystallized inhibitors, (1R,2R)-N-[3-(naphthalen-2-
yl)pyrazolo[1,5-a]pyrimidin-5-yl]cyclohexane-1,2-diamine 26L,
5-[(1R,3S)-3-aminocyclohexyl]-6-bromo-3-(1-methyl-1H-pyrazol-
4-yl)pyrazolo[1,5-a]pyrimidin-7-amine 22K and roscovitine were
downloaded (PDB codes: 4MBL, 3OT3 and 3DDQ, respectively)
from the protein data bank.71–75 Initially, the co-crystallized
inhibitors were redocked within their receptors to conrm the
docking processes. This allowed for energy scores of −10.23,
ses of promising triazolo[4,3-a]pyrimidine 11c within the active site of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 A and B views demonstrate two and three-dimensional binding poses of promising triazolo[4,3-a]pyrimidine 11c within the active site of
CHK1 (PDB code: 3OT3).
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−9.96, and−9.75 kcal mol−1 and tiny RMSD values of 0.82, 0.73,
and 1.22 Å between the docked poses and the co-crystallized
ligands (Fig. S4 (SI) and Table 3). In the native inhibitor of
PIM1, 26L, N1 of pyrazolo[1,5-a]pyrimidine displayed one H-
bond with Lys67 sidechain; however, the amino nitrogen at p-
2 of cyclohexane afforded two H-bonds with Asp128 and
Glu171 (distances: 3.43, 3.06, 2.75, and 3.41 Å, respectively).
Regarding the CHK1 inhibitor, 22K, N1, and amino nitrogen at
p-7 of pyrazolo[1,5-a]pyrimidine exhibited two hydrogen bonds
with Cys87 (distances: 3.03 and 2.87 Å, respectively). Also, the
amino group at p-3 of the cyclohexyl moiety revealed an ionic
bond with Glu91 and an H-bond with Glu134. There are further
arene-H interactions between pyrazolo[1,5-a]pyrimidine and
pyrazole scaffolds with Leu15 and Ser147, respectively. As seen
© 2026 The Author(s). Published by the Royal Society of Chemistry
in Fig. S4C, roscovitine forms three H-bonds between purine
and benzylamine with Glu81 and Leu83 (distances: 3.24, 3.18,
and 2.75 Å, respectively). Additionally, the centroid of the benzyl
moiety applies an arene–H interaction with Ile10.

As shown in Fig. 7–9, the whole structure of triazolo[4,3-a]
pyrimidine 11c was embedded nicely within the screened
receptors' binding sites PIM1, CHK1, and CDK-2, affording
signicant energy scores of −9.88, −9.65, and
−10.13 kcal mol−1, respectively. The carbonyl oxygen at p-7 of
triazolo[4,3-a]pyrimidine scaffold gave H-bonds with the key
amino acids Lys67 in PIM1, Cys87 in CHK1, and Leu83 in CDK-
2, resembling their co-crystallized inhibitors (distances: 3.21,
2.86, and 2.76 Å, respectively). Additionally, the chlorine atom
revealed Halogen-bonding with the sidechains of the following
RSC Adv., 2026, 16, 14010–14026 | 14019
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Fig. 9 A and B views demonstrate two and three-dimensional binding poses of promising triazolo[4,3-a]pyrimidine 11c within the active site of
CDK-2 (PDB code: 3DDQ).
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amino acids: one with Glu171 in PIM1, another one with Glu55
in CHK1, and two H-bonds with Glu51 in CDK-2 (distances:
3.43, 3.06, 2.75, and 3.41 Å, respectively). Further binding was
demonstrated to strengthen the tting of triazolo[4,3-a]pyrimi-
dine 11c within the screened receptors. The triazole centroid
formed an arene–H interaction with Ile185 in PIM1. N-8 at tri-
azolo[4,3-a]pyrimidine moiety revealed an H-bond acceptor
Table 4 Calculated physicochemical characteristics of attractive triazol

Compd Violationsa MWb nHBDc

Rule — #500 #5
11c 0 (Lipinski & Veber) 396.81 0

a Violations from Lipinski and Veber Rules. b Molecular weight. c Num
e Number of rotatable bond. f Calculated lipophilicity (MLog Po/w). g Top

14020 | RSC Adv., 2026, 16, 14010–14026
with Cys87 backbone (distance: 3.53 Å) in CHK1. Lastly, in CDK-
2, the pyrimidine scaffold displayed an arene–H interaction
with Ile10 and the carbonyl oxygen at p-7 of triazolo[4,3-a]
pyrimidine accepted an H-bond from the Phe82 backbone
(distance: 3.26 Å) (Table 3).

3.3.2. In silico prediction of ADMET. By examining the
ADMET of the targeted drugs, important information about the
o[4,3-a]pyrimidine 11c

nHBA d nRBe TPSAf (Å2) MLogPg

#10 #10 #140 #4.15
6 3 134.18 1.27

ber of hydrogen bond donor. d Number of hydrogen bond acceptor.
ological polar surface area.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (A) The bioavailability radar map for the effective triazolo[4,3-a]pyrimidine 11c. Red lines show the predicted values for the targets under
study, while the pink area shows the optimal values for each oral bioavailability component. (B) The image of a boiled egg indicates how the
powerful triazolo[4,3-a]pyrimidine 11c can enter the digestive tract and cross the blood–brain barrier; PGP− is the non-substrate form of p-
glycoprotein, whereas PGP+ is its substrate form.
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ideal therapy should be gathered. SwissADME and AdmetSAR
1.0, two free online resources, made it possible to nish this
much-anticipated work.76–79

It was demonstrated that triazolo[4,3-a]pyrimidine 11c under
examination revealed no violation and complied with the Veber
and Lipinski's guidelines that could be used to determine which
medication behaves best when taken orally (Table 4).

The assessed triazolo[4,3-a]pyrimidine 11c was in the
optimal range (pink region) of the essential characteristics
(lipophilicity, size, solubility, polarity, and exibility), with the
exception of saturation, according to the bioavailability radar
chart (Fig. 10A). As a result, this study offered strong evidence
regarding the compound under investigation's oral
bioavailability.

Fig. 10B and Table S8 demonstrate that potential triazolo
[4,3-a]pyrimidine 11c has a higher likelihood of gastrointestinal
absorption with no blood–brain barrier penetration. Analog 11c
can therefore be used to treat peripheral disorders without
resulting in central problems. The tested triazolo[4,3-a]pyrimi-
dine 11c, being a non-substrate for P-glycoprotein, a drug efflux
transporter, suggests that the cells may exhibit maximum
activity with only a slight efflux.

Additionally, it's predicted to be distributed and localized
within themitochondria. The target 11c is a non-inhibitor to the
majority of CYPs, anticipating its little effect upon other active
molecules and a low incidence of drug–drug interactions. Since
11c did not block the potassium channel linked to hERG as
expected, cardiotoxicity or other cardiac side effects are
unlikely. Furthermore, it exhibited no signs of Ames toxicity,
which suggests that there is no chance of genotoxicity.

It produced a value of 728.2 mg kg−1, which was categorized
as a harmless substance and fell into the third category based
© 2026 The Author(s). Published by the Royal Society of Chemistry
on the estimation of acute oral toxicity. At a value of 532.1 mg
kg−1 body weight per day, the carcinogenicity descriptor
suggests that it may also be classied as non-carcinogenic and
non-required. It was predicted that it would be a non-
biodegradable compound upon evaluation of its capacity to
break down in the environment.
4 Conclusion

In this study, new derivatives of thiazolopyrazoles 2–7, thiazo-
lodiazenylthiazoles 9a–c, and thiazolotriazolopyrimidine 11a–c
were designed and synthesized as antiproliferative agents with
potential multitarget kinase inhibition against CHK1, PIM1,
and CDK-2.

The diazonium salt of 2-aminothiazole was allowed to react
with 3-chloroacetyl acetone, resulting in the formation of 2-oxo-
N0-(thiazol-2-yl)propanehydrazonoyl chloride (1). This
compound served as a key intermediate precursor for formation
of the target derivatives 2–11a–c. The antiproliferative potency
of these new compounds was evaluated against three cancer cell
lines: lung (EKVX), breast (MCF-7), and colon (HCT116), using
doxorubicin as a reference drug. The thiazolotriazolo[4,3-a]
pyrimidine derivative 11c exhibited the most potent anti-
proliferative activity among the tested compounds, with IC50

values of 4.8, 5.6, and 6.50 mM for the respective cell lines. In
contrast, doxorubicin showed IC50 values of 7.85, 4.30, and 7.35
mM for the same cell lines. Derivative 11c surpassed the cyto-
toxic activity of the reference drug against EKVX by a factor of
1.6. Furthermore, when compared to normal colon cells (FHC)
and normal breast cells (MCF10A), it displayed remarkable
selectivity—approximately 10-fold for colon cancer cells (HCT-
116) and 14-fold for breast cancer cells (MCF-7). This
RSC Adv., 2026, 16, 14010–14026 | 14021
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signicant selectivity suggests a potential safety prole that may
be benecial for therapeutic applications.

Moreover, compound 11c demonstrated signicant inhibi-
tory activity against the kinases PIM1 and CDK-2, with IC50

values of 0.49 ± 0.02 and 0.845 ± 0.05 mM, respectively. In
comparison, the standard drugs staurosporine and roscovitine
showed IC50 values of 0.32 ± 0.05 and 0.64 ± 0.012 mM. Addi-
tionally, 11c exhibited notable inhibitory effects against CK2a
and CHK1, with IC50 values that were comparable to those of the
reference drugs silmitasertib and SCH900776, which had IC50

values of 4.87 ± 0.18, 0.032 ± 0.002, 0.074 ± 0.002, and 0.040 ±

0.003 mM, respectively.
The ability of compound 11c to induce apoptosis in MCF-7

cells, to arrest cell cycle progression at the G1/S phase, and to
suppress the growth activity of MCF-7 cancer cells—demon-
strated by cell migration percentage of 67.407 ± 2.17%
compared to untreated cells with cell migration percentage of
94.815 ± 3.05%—supports its potential as an anticancer agent.
Furthermore, molecular docking and in silico ADMET studies
provided valuable insights into the binding modes of 11c with
the examined kinases and its pharmacokinetic properties,
further validating the experimental ndings. The ndings
indicated that 11c deserves further in vivo pharmacokinetic and
pharmacodynamic studies.
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