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Discovery of novel JAK2 and EGFR inhibitors from
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The Janus kinase (JAK) and epidermal growth factor receptor (EGFR) have been considered as potential

targets for cancer therapy due to their role in regulating proliferation and survival of cancer cells. In the

present study, the aromatic alkyl-amino analogs of thiazole-based chalcone were selected to

experimentally and theoretically investigate their inhibitory activity against JAK2 and EGFR proteins as well

as their anti-cancer effects on human cancer cell lines expressing JAK2 (TF1 and HEL) and EGFR (A549 and

A431). In vitro cytotoxicity screening results demonstrated that the HEL erythroleukemia cell line was

susceptible to compounds 11 and 12, whereas the A431 lung cancer cell line was vulnerable to compound

25. However, TF1 and A549 cells were not sensitive to our thiazole derivatives. From kinase inhibition assay

results, compound 25 was found to be a dual inhibitor against JAK2 and EGFR, whereas compounds 11

and 12 selectively inhibited the JAK2 protein. According to the molecular docking analysis, compounds 11,

12 and 25 formed hydrogen bonds with the hinge region residues Lys857, Leu932 and Glu930 and

hydrophobically came into contact with Leu983 at the catalytic site of JAK2, while compound 25 formed a

hydrogen bond with Met769 at the hinge region, Lys721 near a glycine loop, and Asp831 at the activation

loop of EGFR. Altogether, these potent thiazole derivatives, following Lipinski's rule of five, could likely be

developed as a promising JAK2/EGFR targeted drug(s) for cancer therapy.

Introduction

Cancer, a group of diseases characterized by uncontrolled
growth and spread of abnormal cells,1 is the second leading
cause of mortality worldwide.2 Among several types of cancer,
myeloproliferative neoplasms and lung cancer are the leading

cause of cancer-related death globally.3 The known molecular
targets for treating these cancers are the Janus kinases (JAKs)
and the epidermal growth factor receptor (EGFR), since they
play a major role in regulating proliferation and survival of
cancer cells.4,5

JAK, an intracellular tyrosine kinase, is activated by the
cytokine(s) binding to its receptor, resulting in the activation
of the downstream signal transducer and activator of
transcription (STAT), which leads to its dimerization and
translocation to the nucleus, promoting cell proliferation,
apoptosis and differentiation.6 Among the four JAK family
members (JAK1, JAK2, JAK3 and TYK2),7 JAK2 is a critical
moderator for hormone-like cytokines such as growth
hormone (GH), erythropoietin (EPO), thrombopoietin (TPO)
and cytokine receptor ligands involved in hematopoietic cell
development such as interleukin-3 (IL-3).8 JAK2 consists of
seven homology regions (JH1 to JH7) and the catalytically
active domain in JH1 is located at the carboxy-terminus, close
to the pseudo-kinase domain in JH2. The overexpression of
JAK2, especially the V617F variance in the JH2 domain, has
been shown to be related to myeloproliferative disorders (by
approximately 50% or more) such as polycythemia vera,
essential thrombocythemia and myelofibrosis,9,10 indicating
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that JAK2 is an important target for the treatment of
myeloproliferative diseases.

EGFR, a member of the ErbB family of receptor tyrosine
kinases,11 is composed of an extracellular domain, a single
hydrophobic transmembrane region, an intracellular tyrosine
kinase (TK) domain,12 and a C-terminal tyrosine-rich
region.13 The EGFR signaling pathways are triggered by the
specific growth factors (such as EGF and TGFα) to the
extracellular domain, activating autophosphorylation and
subsequently initiating downstream signaling pathways,
responsible for cell proliferation, survival, differentiation and
apoptosis evasion.10,11,14,15 Importantly, more than 60% of
non-small cell lung cancer have been involved in the
overexpression of EGFR;16 therefore, targeting this protein is
an important strategy for lung cancer treatment. As shown in
Fig. 1A and B, the sequence identity and similarity of (i) the
overall structure and (ii) the conserved regions (catalytic loop,
hinge region, glycine-rich loop (G loop) and activation loop
(A loop)) between JAK2 and EGFR are 29% and 46% as well
as 54% and 71%, respectively.

To date, several JAK2 and EGFR inhibitors have been
reported such as lestaurtinib,17 momelotinib,18 and
gandotinib19 for JAK2 as well as erlotinib20 and gefitinib21 for
EGFR. Among them, ruxolitinib is widely used in clinical
treatment for bone marrow cancer (IC50 against JAK2 is 4.5
nM),22,23 while erlotinib has been the first-line drug for lung
cancer patients harboring wild-type EGFR (IC50 against EGFR
is 2.6 nM).24,25 However, these drugs have several side effects,
e.g., anemia, balance impairment and dizziness.26,27

Moreover, acquired drug resistances of ruxolitinib (V617F/
L983F) and erlotinib (T790M) have been detected after 1.5

year treatment.28–30 Accordingly, discovery of novel JAK2 and
EGFR inhibitors is critically needed.

Thiazoles are a class of heterocyclic compounds
containing sulfur and nitrogen atoms at positions 1 and 3,
respectively. Thiazole derivatives were reported to exert anti-
cancer activity against several types of cancer and were
identified as JAK2 and EGFR inhibitors.31

Trifluoromethylphenyl thiazole amine inhibited the
proliferation of HMC-1.1 cells, which are hematopoietic
progenitors in the bone marrow, with an IC50 value of 138
nM.32 In addition, the 4,5-dimethyl thiazole analog
potentially inhibited JAK2 activity (IC50 = 2.5 nM) and the
JAK2 dependent cell line (SET-2; IC50 = 65 nM).33 From
virtual screening against EGFR, the screened thiazole
analog, namely 2-(benzo[4,5]imidazo[2,1-b]thiazol-3-yl)-N-
(2hydroxyphenyl) acetamide, was found to be a potent EGFR
inhibitor (IC50 = 55 mM) by forming a hydrogen bond with
Met769 at the hinge region of EGFR-TK.31 Even though
several thiazole derivatives have been reported to inhibit
JAK2 and EGFR, the aromatic alkyl-amino analogs of
thiazole (Fig. 2), possessing antibacterial and anti-cancer
activities,34 have not yet been studied in these two proteins.

Another interesting class is chalcones. Chalcones are open-
chain flavonoids, biosynthesized in a variety of plant species.35

From a chemical point of view they are 1,3-diphenyl-2-propen-1-
ones, which consist of two aromatic rings linked by a three-
carbon α,β-unsaturated carbonyl system.35 Chalcone is a special
chemical template with wide range of biological activities,
among which are anti-cancer,36–38 anti-inflammatory,39–41

antioxidant,41,42 antimicrobial,43–45 anti-tubercular,46 anti-
HIV,47,48 antimalarial.49 Moreover, it was mentioned in the
literatures that chalcones can inhibit kinases essential for
tumor cell survival and proliferation such as EGFR,50,51 vascular
endothelial growth factor receptor-2 (VEGFR-2) and B-Raf
(BRAF) kinase.52,53

In this study, taking all mentioned above into account,
in vitro cytotoxicity screening towards erythroleukemia (TF1
and HEL cells expressing JAK2) and lung carcinoma (A549
and A431 cells expressing EGFR) of thiazole-based chalcones

Fig. 1 (A) Superimposition between JAK2 (PDB ID: 3FUP) and EGFR
(PDB ID: 1M17) crystal structures. Tofacitinib (white) and erlotinib (dark
gray) are shown in a ball and stick model. The sequence alignment of
the four conserved regions: catalytic loop, hinge region, glycine loop
and activation loop, between JAK2 and EGFR is given in (B), in which
the sequence identity is shaded in magenta.

Fig. 2 Chemical structures of (A) the aromatic alkyl-amino analogs of
thiazole obtained from a previous study34 and (B) drugs.
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(Fig. 2) was performed. Subsequently, the kinase inhibitions
of the screened compounds towards both proteins were
characterized. Finally, the binding interactions at the atomic
level of potent compounds were analyzed using molecular
docking.

Results
Cytotoxicity

Initially, thiazole derivatives and known drugs (ruxolitinib
and erlotinib) at 10 μM were subjected to in vitro cytotoxicity
screening against TF1 and HEL cell lines expressing JAK2 as
well as against A549 and A431 cell lines expressing EGFR
(Fig. 3). The results revealed that the HEL erythroleukemia
cell line was susceptible to compounds 11 and 12, whereas
the A431 lung cancer cell line was vulnerable to compound
25. However, TF1 and A549 cells were not sensitive to our
thiazole-based chalcone derivatives. Therefore, only these
three thiazoles-based chalcones (compounds 11, 12 and 25)
were selected to evaluate their half maximal inhibitory
concentration (IC50) values.

The IC50 values of thiazole-based chalcones and the
known drugs towards the four cancer cell lines are
summarized in Table 1, whereas the IC50 curves of these
compounds are shown in Fig. S2.† The results revealed that
the cytotoxic effect on TF1 cells of compounds 11 (IC50 of
30.23 ± 0.53 μM) and 12 (IC50 of 32.03 ± 1.07 μM) was lower
than that of ruxolitinib (IC50 of 14.35 ± 2.03 μM). On the
other hand, compounds 11 and 12 (IC50 of ∼7–10 μM) were
more susceptible to HEL cells than ruxolitinib (IC50 of 18.62
± 0.27 μM) by ∼2–3 times. In the case of EGFR-expressing
cells, the anti-lung cancer potential of compound 25 (IC50 of
16.30 ± 0.78 μM and 8.04 ± 0.90 μM for A549 and A431,
respectively) was higher (∼2–6 fold) than erlotinib used as a
reference drug (IC50 of 47.74 ± 6.96 μM and 28.70 ± 6.47 μM
for A549 and A431, respectively) in both cell lines. In
addition, we found that the IC50 value of the A431 cell line
treated with compound 10 (IC50 of 28.49 ± 0.46 μM) is similar
to erlotinib (28.70 ± 6.47 μM), while the IC50 value of the
A549 cell line treated with compound 10 (IC50 of 62.09 ± 3.30
μM) is higher than erlotinib (47.74 ± 6.96 μM). Altogether,
these focused thiazole-based chalcones were then subjected
to in vitro kinase inhibitory activity assay against the JAK2
and EGFR-TK proteins.

In addition, the cytotoxicity to Vero cells, which are
normal kidney cells, of compounds 10, 11 and 25 was
investigated in comparison with the known drugs, ruxolitinib
and erlotinib (Table 1 and Fig. S3†). It was found that potent
compounds 10, 11 and 25 showed an IC50 value of >100 μM,
which is higher than the drugs (>50 μM for ruxolitinib and
>6 μM for erlotinib), suggesting that compounds 10, 11 and
25 have a low toxicity against Vero cells. Note that due to the
limited amount of compound 12, its cytotoxicity towards Vero
cells was not performed.

Kinase inhibition

To further support that compounds 11, 12 and 25 can inhibit
the JAK2 and EGFR-TK proteins, the kinase inhibitory activity
assays were conducted in comparison to the known inhibitors
(ruxolitinib and erlotinib) at 1 μM (Fig. S4†). As shown in
Fig. 4A, the kinase inhibitory activity against JAK2 of
compound 11 (IC50 of 20.32 ± 2.07 nM), compound 12 (17.64 ±
1.68 nM) and compound 25 (IC50 of 33.88 ± 2.50 nM) was in
the range of that of ruxolitinib (IC50 of 18.06 ± 2.62 nM). In the
case of EGFR-TK (Fig. 4B), only compound 25 (IC50 of 33.66 ±
2.61 nM) inhibited EGFR-TK activity in a manner similar to
erlotinib (IC50 of 28.46 ± 3.09 nM), whereas compounds 11
(IC50 of 255.60 ± 3.10 nM) and 12 (IC50 of 143.63 ± 2.64 nM)
showed significantly lower inhibitory activity than erlotinib.

Fig. 3 Cell viability of (A) TF1 and HEL and (B) A549 and A431 cell lines
treated with thiazole-based chalcones at 10 μM for 72 h. Data are
represented as means ± SEM (n = 2). ** p ≤ 0.01, *** p ≤ 0.001 vs.
ruxolitinib and ## p ≤ 0.01, ### p ≤ 0.001 vs. erlotinib.

Table 1 The IC50 value of thiazole-based chalcones 11, 12 and 25
towards TF1, HEL, A549 and A431 cancer cell lines

Compound

IC50 (μM)a

TF1 HEL Vero

11 30.23 ± 0.53b 6.89 ± 0.38b >100
12 32.03 ± 1.07b 9.96 ± 0.50b ND.
Ruxolitinib 14.35 ± 2.03 18.06 ± 2.62 >50

A549 A431

10 62.09 ± 3.30 28.49 ± 0.46 >100
25 16.30 ± 0.78 8.04 ± 0.90c >100
Erlotinib 47.74 ± 6.96 28.70 ± 6.47 >6

a Data are shown as means ± SEM (n = 3) and ND; not detected. b p
≤ 0.001 vs. ruxolitinib. c p ≤ 0.05 vs. erlotinib.

Fig. 4 Kinase inhibitory activity of thiazole-based chalcones towards
(A) JAK2 and (B) EGFR-TK. Data are represented as means ± SEM of
three independent experiments.
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These results suggested that compound 25 is a dual inhibitor
against JAK2 and EGFR, whereas compounds 11 and 12 act as
a JAK2 inhibitor (Fig. S6†).

Molecular docking

To investigate the binding mechanism of the focused thiazole
derivatives (compounds 11, 12 and 25) towards JAK2 and
EGFR-TK in comparison to the known drugs (ruxolitinib and
erlotinib), molecular docking was conducted. We found that
the fitness score of ruxolitinib in complex with JAK2 (62.13)
was higher than those of compounds 11 (56.44), 12 (51.76)
and compound 25 (53.57) (Fig. S5†). Similarly, the compound
25/EGFR-TK complex (30.68) gave a fitness score lower than
the erlotinib/EGFR complex (36.35).

The binding pattern and the underlying interactions of all
focused ligands are shown in Table S1,† and Fig. 5 and 6.
According to the JAK2 systems, the thiazole core of compounds
11 and 12 aligned well with the pyrrolopyrimidine ring of
ruxolitinib at the ATP-binding pocket (Fig. 5A). Moreover, the
nitrogen and hydrogen atoms on the thiazole ring of both
compounds formed two hydrogen bonds (H-bonds) with
Glu930 and Leu932 at the hinge region of JAK2 (Fig. 6A–C),
while compound 25 formed H-bonds with Lys858 and Leu932,
in a manner similar to ruxolitinib recognition.28 The thiazole
ring of compound 11 interacted with Leu855 and Gly856 at the
G loop via amide–pi stacking, while the thiophene group of
compound 12 and compound 25 bound to Gly856 through pi–
sigma interaction. Apart from H-bonds and pi interactions, van

der Waals (vdW) forces are also important for ligand binding
(Table S1†), and the overlapped vdW contacts between the
three thiazole-based chalcones and ruxolitinib were as follows:
(i) hinge region: Tyr 931, Pro933, Gly935 and Ser936, (ii) G loop:
Leu855, Lys857, Gly858, Ser862 and Val863 (pi–alkyl), (iii)
catalytic loop: Leu983 (pi–alkyl), Gly993 and (iv) other regions:
Ala880 near the G-loop (pi–alkyl) and Val911 near the hinge
region.

In the case of compound 25 complexed with EGFR-TK, its
thiazole core occupied the hinge region similar to
compounds 11, 12 and 25 complexed with JAK2 (Fig. 5A), and
overlapped with the quinazoline ring of erlotinib (Fig. 5B).
Interestingly, this thiazole analog shared H-bond formation
with erlotinib at the hinge region residue Met769
(Fig. 6D and E).54 In addition, the hydroxyl group of the
phenol ring of compound 25 could form a H-bond with other
residues, including Lys721 near the glycine loop. The
matched vdW contacts between compound 25 and EGFR-TK
were as follows: (i) hinge region: Thr766, Gln767, Leu768,
Pro770 and G772, (ii) G loop: Leu694 (pi–alkyl), Val702 and
Lys704, (iii) catalytic loop: L820 and (iv) other regions: near
the G loop (Ala719, Glu738, Met742 and Leu764) and near
the activation loop (Thr830).

We further investigated the size of the ligand-binding
pocket between JAK2 and EGFR by generating the protein

Fig. 5 (A and B) binding patterns of thiazole-based chalcones and
known drugs within JAK2 and EGFR-TK. (C and D) Hydrophobic and
hydrophilic surfaces of compound 12/JAK2 and compound 25/EGFR-
TK complexes. (E) Structural superimposition between JAK2 and EGFR-
TK, especially at the ATP-binding pocket.

Fig. 6 2D interactions of JAK2 and EGFR-TK complexed with the
thiazole-based chalcones and the known drugs. (A–D) JAK2 complexed
with compounds 11, 12, 25 and ruxolitinib (E and F) EGFR-TK
complexed with compounds 25 and erlotinib.
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hydrophobic and hydrophilic surfaces around compounds 12
and 25 (Fig. 5C and D). The results showed that the ATP-
binding pocket of JAK2 was smaller than that of EGFR, since
the glycine loop of JAK2 was positioned closer to the hinge
region than EGFR (Fig. 5E).

Drug-likeness prediction

The potent thiazole-based chalcones against JAK2 and EGFR-
TK were further analyzed in terms of drug-likeness by assessing
their physicochemical properties (i.e., molecular weight (MW),
the numbers of hydrogen bond donors (HBD) and acceptors
(HBA), rotatable bond (RB), polar surface area (PSA) and LogP)
derived from Lipinski's rule of five (Table 2). The obtained
result revealed that compounds 11, 12 and 25 showed the
acceptable value within the criteria of the rules as follows: (i)
molecular weight ≤500 Da, (ii) hydrogen bond donors ≤5 and
hydrogen acceptors ≤10, (iii) rotatable bond ≤10, (iv) polar
surface area ≤140 Å and (v) lipophilicity (expressed as LogP)
≤5.55 Therefore, these compounds could likely be developed as
promising novel JAK2 and EGFR-TK inhibitors.

Discussion

The thiazole-based chalcones have been previously reported
to exhibit antimicrobial and anti-tumor activities,35 and other
thiazole derivatives have shown anti-cancer activity against
several types of cancer and have been identified as JAK2 and
EGFR inhibitors. Therefore, we expected that thiazole-based
chalcones can inhibit JAK2 and EGFR-TK activity.
Considering the data from the in vitro cytotoxic activity of the
five thiazole-based chalcone derivatives against
erythroleukemia and lung cancer cell lines, we found that
compounds 11 and 12 were more susceptible to mutant
JAK2-expressing HEL cells rather than the wild-type JAK2-
expressing TF1, since the V617F point mutation in JAK2
maintains its open conformation at the activation loop,56,57

resulting in higher ligand accommodation.58,59 In the case of
EGFR-expressing cell lines, only compound 25 significantly
inhibited the A431 lung cancer cell line, whereas A549 cells
were not sensitive to all thiazole derivatives. In addition,
compound 10 showed cytotoxicity to A431 higher than A549.
This is because (i) the EGFR expression level found in A431
cells is dramatically higher than that found in A54960 and (ii)
A549 cells exhibits KRAS mutation, which constitutively
activates downstream MAPK signalling pathways, causing a

compensatory mechanism.61 The cytotoxic effect on cancer
cell lines of these thiazole derivatives was due to their
inhibitory activity against JAK2 and EGFR-TK, in a manner
similar to the known inhibitors (Fig. 4). In addition, both
compounds 11 and 25 showed higher IC50 than the known
drugs in normal kidney Vero cells, suggesting that these
thiazole derivatives could be safe for these normal cells,
which is consistent with a previous report showing that the
cytotoxic effect of thiazole-indenoquinoxaline on normal
human cells (WI-38, fibroblast) gave high IC50 (>107 μM).62

Furthermore, compounds 11 and 12 showed kinase
inhibitory activity against JAK2 higher than EGFR, whereas
compound 25 inhibited both proteins at a similar level
(Fig. 4), indicating that compound 25 acts as a dual inhibitor,
and compounds 11 and 12 are JAK2 inhibitors. However, the
results from the cell-based assay were inconsistent with
kinase inhibition in which compounds 11 and 12 were potent
against JAK2-expressing cells, whereas compounds 25 showed
good inhibitory activity towards EGFR-expressing cells. This
is because cells have several factors involved in cell growth
inhibition such as cell permeability and compound
degradation within the cell.63 Therefore, compounds with
good inhibitory activity from both kinase inhibition and cell-
based inhibition were selected to study the binding patterns
at the atomic level.

Although the fitness score of compounds 11 and 12 in
complex with JAK2 as well as compound 25 in complex with
EGFR was lower than that of the known inhibitors, their
ligand–protein interactions are similar. It has been reported
that the pyrrolopyrimidine moiety of ruxolitinib forms
H-bonds with Glu930 and Leu932 of JAK2.64–66 In agreement
with this evidence, the thiazole core of compounds 11 and 12
interacted with Glu930 and Leu932 residues at the hinge
region of JAK2 via hydrogen bonding. The noncovalent pi–
alkyl interaction is one of the most important contributions
to protein–ligand complexation,67 and the glycine loop
residues Ala880, Val863 and Leu855 as well as the catalytic
residues Leu983 of JAK2 were found to stabilize both
thiazoles through pi–alkyl interaction, in correspondence
with the reported ATP binding to JAK2, showing that its
adenine and ribose moiety are embedded in pockets
stabilized by hydrophobic interactions.64 The thiazole core of
compound 25 points into the hinge region, which is a
hydrophobic pocket similar to compounds 11 and 12 within
JAK2, while its polar phenol group embedded between the

Table 2 Predicted Lipinski's rule of five for the thiazole-based chalcones and the known drugs. HBD, hydrogen bond donor; HBA, hydrogen bond
accepter; PSA, polar surface area

Compound

Lipinski's rule of five

Drug-likenessMW (≤500 Da) HBD (≤5) HBA (≤10) Rotatable bond (≤10) PSA (≤140 Å) Log P (≤5)

11 265.35 1 3 4 111.36 2.47 Yes
12 264.37 1 2 4 98.47 3.08 Yes
25 274.34 2 3 4 90.46 2.65 Yes
Ruxolitinib 306.37 1 4 4 83.18 2.40 Yes
Erlotinib 393.44 1 6 10 74.73 3.20 Yes
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glycine loop and catalytic loop, which are hydrophilic regions
(e.g. Asp831 and Lys721).68 It has been reported that the
p-OH group on the phenyl ring of thiazole derivatives can
increase the anti-cancer potential.69 In accordance with this
evidence, the p-OH group of compound 25 forms H-bonds
with Lys721 near the glycine loop and Asp831 at the
activation loop, resulting in higher anti-lung cancer activity
than the other analogs (Fig. 3B).

The hinge, deep in the ATP pocket, is an important region
called the ‘gatekeeper’, which controls the access to the
‘back-pocket’ of the kinase.70 The ATP-binding pocket of
EGFR was quite larger than that of JAK2; therefore,
compound 25 is suitable for EGFR because its phenol moiety
at the R2 position is bulkier than the thiazole/thiophene ring
of compounds 11 and 12. This explains why the same series
of thiazole derivatives could bind to the different target
proteins. Numerous FDA approved drugs consist of a
nitrogen-based heterocyclic moiety (e.g., pyrrolopyrimidine
for JAK2 inhibitors and quinazolinamine rings for EGFR-TK
inhibitors) similar to the adenosine ring of the ATP substrate,
which occupies the hydrophobic pocket and forms H-bonds
with the hinge region.65,71 Therefore, the aromatic alkyl-
amino analogs of thiazole-based chalcones in this study
could be used as an ATP-competitive inhibitors against JAK2
and EGFR, since they contain the nitrogen-based heterocyclic
ring similar to that of ATP and the known kinase inhibitors.
Furthermore, all of the potent compounds showed good
drug-like physicochemical properties, suggesting that these
three thiazole-based chalcones could likely be developed as
novel anti-cancer drugs.

Conclusions

In this study, we combined experimental and computational
studies to identify novel JAK2 and EGFR inhibitors. In vitro
cytotoxicity screening results showed that the HEL
erythroleukemia cell line was susceptible to compounds 11
and 12, whereas the A431 lung cancer cell line was vulnerable
to compound 25. The cytotoxic effect on cancer cell lines of
these thiazole-based chalcone derivatives was due to their
inhibitory activity against JAK2 and EGFR-TK. From binding
interaction analysis, it was found that compounds 11 and 12
formed H-bonds with Leu932 and Glu930 and
hydrophobically came into contact with Leu983 at the
catalytic site of JAK2, whereas compound 25 formed
hydrogen bonds within the ATP-binding pocket of EGFR at
Met769 (hinge region), Lys721 (near glycine loop) and Asp831
(activation loop). The bulkiness of the phenol moiety at the
R2 position of compound 25 led to the higher selectivity
toward EGFR-TK than compounds 11 and 12. All of the
potent thiazole derivatives followed Lipinski's rule of five.
Altogether, our study successfully identified novel JAK2 and
EGFR inhibitors from the aromatic alkyl-amino analogs of
thiazole, which can be used as promising starting points for
subsequent drug discovery programs against erythroleukemia
and lung cancer.

Materials and methods
Cell lines and chemical reagents

The human erythroleukemia HEL 92.1.7 (ATCC TIB-180) and
TF1 (ATCC CRL-2003), and lung carcinoma A549 (ATCC CCL-
185) and A431 (ATCC CRL-1555) cell lines, and monkey
(Cercopithecus aethiops) kidney Vero cell line (ATCC CCL-81)
were purchased from the American Type Cell Culture
Collection (ATCC, Manassas, VA, USA). Roswell Park
Memorial Institute (RPMI), Dulbecco's modified Eagle's
medium (DMEM), fetal bovine serum (FBS), penicillin–
streptomycin (Pen–Strep), granulocyte-macrophage colony-
stimulating factor (GM-CSF) and trypsin were purchased from
Life Technologies (California, USA). 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl
sulfoxide (DMSO) and JAK2 (SRP0171) were purchased from
Sigma-Aldrich (Darmstadt, Germany). PrestoBlue™ cell
viability reagent was purchased from Thermo Fisher
Scientific (Waltham, MA, USA). The ADP-Glo™ kinase assay
kit was purchased from Promega (Wisconsin, USA). Poly (glu-
tyr) peptide (P61-58) was purchased from SignalChem Biotech
(Canada). EGFR-TK was obtained from a previous report.72 A
series of thiazole compounds were kindly provided by Dr.
Athina Geronikaki from the Aristotle University of
Thessaloniki.34 Note that due to limited amounts of thiazole-
based chalcones obtained from a previous study,34 we
performed JAK2 and EGFR kinase and cytotoxicity assays as
well as a binding pattern study at the molecular level on only
five thiazole derivatives (Fig. 2 and ESI† section 7).

Cell cultures

The TF1 cells were grown in complete RPMI-1640 medium
supplemented with 10% (v/v) FBS, 100 U mL−1 penicillin, 100
μg mL−1 streptomycin and 2 ng ml−1 GM-CSF. The HEL cells
were grown in complete RPMI-1640 medium supplemented
with 10% (v/v) FBS, 100 U mL−1 penicillin and 100 μg mL−1

streptomycin. The A549, A431 and Vero cells were grown in
complete DMEM medium supplemented with 10% (v/v) FBS,
100 U mL−1 penicillin and 100 μg mL−1 streptomycin. All cells
were maintained at 37 °C in a 5% (v/v) CO2, 95% (v/v) air
humidified incubator.

Cytotoxicity in cancer cell lines

The in vitro cytotoxicity activity of thiazole derivatives against
the TF1 and HEL cells, which are suspension cells, was
assessed using the Presto Blue assay, while A549 and A431
cell lines, which are adherent cells, were evaluated using the
MTT assay. For preliminary screening, 100 μL of TF1 (50 000
cells per well), HEL (25 000 cells per well), A549 (5000 cells
per well) and A431 (5000 cells per well) cell suspension was
seeded per well in a 96-well microplate and incubated at 37
°C overnight, and the cells were treated with compounds and
known drugs (ruxolitinib and erlotinib) at 10 μM. Then,
incubated for 72 h. Subsequently, 10 μL of Presto Blue
reagent was added in TF1 and HEL cells and incubated at 37
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°C for 1 h. The absorbance of the resorufin product was
measured. The MTT solution (5 mg mL−1) was added into
A549 and A431 cells and incubated at 37 °C for 3 h. The
medium was removed, and 50 μL of DMSO was added to
each well to lyse the cells and solubilized the formazan
crystals. Finally, the absorbance was measured at 570 nm
using a microplate reader (Infinite M200 microplate reader,
Tecan, Männedorf, Switzerland). Each experiment was
performed in duplicate. After screening, the compounds
displaying a percentage of cell viability at 10 μM <50 were
selected to determine their IC50 value.

In addition, the cytotoxicity of the thiazole derivatives
against normal Vero cells (2000 cells per well) was also
investigated using the MTT assay.

Kinase inhibition of JAK2 and EGFR-TK

The tyrosine kinase inhibitory activity of JAK2 and EGFR-TK
was performed using the ADP-Glo™ kinase assay as
previously reported.51,72 The first 8 μL of buffer (40 mM Tris–
HCl pH 7.5, 20 mM MgCl2 and 0.1 mg mL−1 bovine serum
albumin) was added to a 384-well plate. Then, 5 μL of
enzymes (2.5 ng μL−1 for JAK2 and 1.25 ng μL−1 for EGFR)
and 2 μL of inhibitors were added, followed by 10 μL of a
mixture of 5 μM ATP and 2.5 μM poly(glu-tyr), and incubated
for 1 h at room temperature. Next, 5 μL of the ADP-Glo
reagent was added and incubated for 40 min. After that, 10
μL of kinase detection reagent was added and incubated at
room temperature for 30 min to convert ADP to ATP. ATP was
then detected by measuring the luminescence using a
microplate reader (Infinite M200 microplate reader, Tecan,
Männedorf, Switzerland). All assays were performed in
triplicate. The relative inhibition (%) of inhibitors was then
calculated and compared to the control with no inhibitor as
shown in eqn (1);

%Relative inhibition

¼ positive −negativeð Þ − sample −negativeð Þ½ �
positive −negativeð Þ × 100

(1)

Statistical analysis

The data are represented as mean ± standard error of the
mean (SEM). Differences between groups were compared
using one-way ANOVA, followed by Tukey's test for multiple
comparisons. An independent t-test was used for comparison
differences between pairing values. The differences in means
were determined at the confidence level P ≤ 0.05.

Molecular docking

The crystal structures of JAK2 complexed with tofacitinib
(PDB ID: 3FUP)73 and EGFR complexed with erlotinib (PDB
ID: 1M17)71 were downloaded from the Protein Data Bank.
These structures were chosen because both of them were
crystalized with the known drugs. The missing residues of
JAK2 (residues 920-923) were built using the SWISS-MODEL
server.74 The 3D structure of the drugs (ruxolitinib and

erlotinib) were obtained from the ZINC database, whilst the
3D structure of compounds 11, 12 and 25 were generated
using the Gaussian 09 program. All the ligands were
optimized using the Gaussian 09 program (HF/6–31d) as per
the standard protocol.75–77 The protonation state of all
studied ligands was characterized using the ChemAxon.78

For system validation, the crystalized ligands were defined
as a center in the active site for redocking using GOLD
programs which are based on genetic algorithm (GA),79 and
the results are shown in ESI Fig. S1.† The docking protocols
were as follows: (i) the JAK2 system was set as 12 Å for sphere
docking and GOLD score and ChemScore (rescore) for the
scoring function; (ii) the EGFR system was set as 15 Å for
sphere docking and ChemScore for the scoring function. All
systems were used as 100 docking poses. The binding
between proteins and compounds/drugs was visualized using
the UCSF Chimera package80 and Accelrys Discovery Studio
2.5 (Accelrys Inc.).

Physicochemical predictions

Physicochemical features such as hydrogen bond donors,
hydrogen bond acceptors and drug-likeness play an
important role in drug discovery and development.81 Herein,
such properties of the potent compounds 11, 12 and 25 were
calculated in comparison with drugs (ruxolitinib and
erlotinib) using web-based application SwissADME (www.
swissadme.ch/).82
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