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ABSTRACT: Janus kinases (JAKs) are involved in a wide variety of cell signaling
associated with T-cell and B-cell mediated diseases. The pathogenesis of common
lymphoid-derived diseases and leukemia cancer has been implicated in JAK2 and
JAK3. Therefore, to decrease the risk of these diseases, targeting this pathway using
JAK2/3 inhibitors could serve as a valuable research tool. Herein, we used a
combination of the computational and biological approaches to identify the
quinoxalinone-based dual inhibitors of JAK2/3. First, an in-house library of 49
quinoxalinones was screened by molecular docking. Then, the inhibitory activities of
17 screened compounds against both JAKs as well as against two human
erythroleukemia cell lines, TF1 and HEL were examined. The obtained results
revealed that several quinoxalinones could potentially inhibit JAK2/3, and among
them, ST4j showed strong inhibition against JAKs with the IC50 values of 13.00 ±
1.31 nM for JAK2 and 14.86 ± 1.29 nM for JAK3, which are better than ruxolitinib
and tofacitinib. In addition, ST4j potentially inhibited TF1 cells (IC50 of 15.53 ± 0.82
μM) and HEL cells (IC50 of 17.90 ± 1.36 μM), similar to both tofacitinib ruxolitinib. Mechanistically, ST4j inhibited JAK2
autophosphorylation and induced cell apoptosis in dose- and time-dependent manners. From molecular dynamics simulations, ST4j
was mainly stabilized by van der Waals interactions, and its hydroxyl group could form hydrogen bonds in the hinge region at
residues S936 and R938 of JAK2. This research highlights the potential of ST4j to be a novel therapeutic agent for the treatment of
lymphoid-derived diseases and leukemia cancer.

1. INTRODUCTION
Janus kinases (JAKs, Figure 1) are intracellular tyrosine kinases
that bind to cell surface receptors through cytokine receptors
which are involved in cell growth, survival, development, and
cell differentiation.1 In addition, signal transducer and activator
of transcription (STAT) proteins are eventually phosphory-
lated and transported to the nucleus to trigger target gene

transcription. In several immune-related diseases and cancers,
aberrant JAK-STAT signaling is observed.2 Inhibitions of JAKs
involved in cytokine-mediating signaling as secondary mes-
sengers are important for the prevention or regulation of the
aforementioned diseases. The JAKs family consists of four
types including JAK1, JAK2, JAK3, and TYK2.1 Among JAKs,
JAK2 is involved in multiple cytokine pathways, for example,
IL-6-mediated signaling as well as a granulocyte-macrophage
colony-stimulating factor (GM-CSF), which are critical for
different physiological processes, such as bone metabolism,
hematopoiesis, and differentiation of B-cells.3,4 The mutation
of JAK2 (V617F) has been shown to cause hematological
malignancies, particularly in chronic myeloproliferative neo-
plasms.5 JAK3 also plays a crucial role in the production of
lymphoid through the IL-2 pathway, which controls the
function of various populations of lymphoid cells, including T
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Figure 1. Superimposition structures of JAK2 and JAK3 complexed
with tofacitinib.
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and B lymphocytes and natural killer (NK) cells. The
dysfunction of JAK3 (R925S and Q988P) leads to acute
lymphoblastic leukemia (T-ALL) and lymphoid-derived
disease pathogenesis.6,7 The development of dual JAK2/3
inhibitors may therefore be an important remedy for reducing
the number of lymphoid-derived diseases that are dependent
on the signaling cascade of JAK2 and JAK3.8

A dual JAK2/3 inhibitor, AG-490, in clinical trials effectively
inhibits unregulated development of B-cells in patients with
acute lymphoblastic leukemia by inhibiting the irregular
constitutive activation of JAK2.9 In addition, this inhibitor
also prevents phytohemagglutinin (PHA) or antigen-specific-
activated human T cells from IL-2-mediated cell growth by
inactivating the signaling cascade for JAK3 and STAT5.10 The
FDA approved drugs tofacitinib and ruxolitinib have been used
for rheumatoid arthritis and myeloproliferative treatments,
respectively.11 Tofacitinib has also been reported as a potent

inhibitor against JAK1/2/3 (IC50 = 1.7−3.7 nM for JAK1,
1.8−4.1 nM for JAK2 and 0.75−1.6 nM for JAK3).12−15 In
addition, ruxolitinib is an effective inhibitor for JAK1 (IC50 =
0.09 nM) and JAK2 (IC50 = 0.036 nM).16 Apart from drugs
that can inhibit JAKs, other molecules such as quinazoline,
quinoxalinones, indoles, and pyrazolones have been reported
as inhibitors of JAKs.8,17−19 Quinoxalinones possess a wide
range of biological activities such as anticancer, antibacterial,
and anti-inflammatory activities.20,21 JAKs inhibitors derived
from quinoxalinone derivatives have been reported. Two new
designs of JAK2 inhibitor derived from scaffold morphing
including amino benzoxazole scaffold (IC50 = 12 nM) and 6,6-
fused heterocyclic 2,8-diaryl-quinoxaline (IC50 = 12 nM) have
been investigated by enzymatic assay.8,22 In addition, they
reported that the 2-amino substituent and ring as well as the
backbone carbonyl group of amino benzoxazole scaffold and
the nitrogen atom in the quinoxaline ring form a hydrogen

Figure 2. 2D structure of quinoxalinone derivatives (49).
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bond with L932 in the hinge region of JAK2.8,22 Moreover,
inhibitors derived from dimethoxy and amino-phenol quinazo-
line derivatives (WHI-P131) showed potent JAK3 (IC50 = 9
μM) kinase inhibition.17 Other interesting JAKs inhibitors are
indoles and pyrazolone. The pyrazolone derivative of
pyrimidine analogues can inhibit the activity of JAK2 (IC50 =
45.3 nM) as well as HEL cell growth with JAK2-overexpressing
human erythroleukemia (IC50 = 12.2 μM).23 The indol-4-
carboxamide core showed JAK2 inhibition (IC50 = 18 nM).19

Sulfoximines have emerged as new and valuable isosteres of the
sulfur-containing functional groups, such as proline-rich
tyrosine kinase 2 (PYK2) and Brc-Abl tyrosine kinase, which
are anticancer.24,25

In this work, quinoxalinone derivatives including NH-
sulfoximine, indole, and pyrazolone groups (Figure 2),26−28

which have never been reported on JAKs inhibition were
selected. First, the quinoxalinone compounds (49) were
screened for JAK2/3 inhibition by molecular docking.

Subsequently, the screened compounds were tested for kinase
inhibition and cytotoxicity in the human erythroleukemia cell
lines expressing JAK2, TF1 (WT), and HEL (V617F). The
potent compound was investigated for the inhibition of JAK2
phosphorylation in the TF1 cell using Western blot analysis.
Dose- and time-dependent apoptosis was determined using
flow cytometric analysis. Finally, the molecular interactions of
the potent compound with JAK2 were studied by molecular
dynamics simulations and free energy calculation.

2. RESULTS AND DISCUSSION
2.1. Compound Screening by Molecular Docking. A

total of 49 quinoxalinone derivatives consisting of three groups
including sulfoximines, indoles, and pyrazolones (Figure 2)
were used to screen the potent compounds toward JAK2/3 by
molecular docking (Figures 3 and S1). Our results showed that
the binding energies of quinoxalinone derivatives between
JAK2 and JAK3 were similar (Figure 3A). Based on the criteria

Figure 3. (A) Docking results of quinoxalinone derivatives toward JAK2/3 derived from FlexX docking. (B) Summary of screened compounds
toward JAK2/3.

Figure 4. Janus kinase inhibitory activity screening of quinoxalinone derivatives at 1 μM concentrations. * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001
vs tofacitinib, # p ≤ 0.05, ## p ≤ 0.01 and ### p ≤ 0.001 vs ruxolitinib.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04769
ACS Omega 2022, 7, 33587−33598

33589

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04769/suppl_file/ao2c04769_si_010.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04769?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04769?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04769?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04769?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04769?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04769?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04769?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04769?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04769?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of binding energies lower than the known drugs (tofacitinib
and ruxolitinib), 29 compounds showed good binding
efficiency against JAK2, while 17 compounds exhibited good
binding efficiency against JAK3 (Figure 3B). In addition, we
found that 17 compounds could likely inhibit both JAK2 and
JAK3. Therefore, these compounds were selected for further
analyses.
2.2. Janus Kinase 2/3 Inhibitory Activity. The 17

screened compounds from in silico screening were tested in
vitro for kinase inhibition ability toward JAK2/3 (Figure 4). All
17 compounds with derivatives of indoles (MN series) and
pyrazolones (ST series) can inhibit both JAKs, in which several
compounds could inhibit both JAKs similar to the known
drugs, tofacitinib, and ruxolitinib. The four compounds
(MN390, MN341P, ST4j, and ST3i) were selected by the
top 25% of the ability to inhibit JAK2/3 and were used for the
measurement of IC50 values (Figures 5A and S2). In JAK2
inhibition, the MN341P compound (20.19 ± 1.71 nM) gave
an IC50 value close to MN390 (19.77 ± 1.24 nM), while ST3i
(28.50 ± 0.70 nM) gave the highest IC50 value. Moreover, it
was found that these three compounds displayed a similar
inhibition toward JAK3 (∼20 to 28 nM). Interestingly, the
ST4j compound showed the lowest IC50 value for both JAKs
(13.00 ± 1.31 nM for JAK2 and 14.86 ± 1.29 nM for JAK3),
similar to the previous report demonstrating that the 2,8-
diaryl-quinoxalines consisting of 4-phenylacetic morpholine
amide can inhibit JAK2 with an IC50 value of 13 nM.29

Compared with the known drug, ST4j inhibits JAK2 at a
similar level to ruxolitinib (14.50 ± 0.90 nM) but significantly
lower than tofacitinib by 2-fold (29.09 ± 0.30 nM). In
addition, the IC50 for JAK3 inhibition by ST4j (14.86 ± 1.29
nM) is significantly lower than tofacitinib (20.86 ± 0.81 nM).
Altogether, these results suggested that ST4j could be a potent
compound targeting JAK2 and JAK3.
2.3. Cytotoxicity. The 17 screened compounds were also

tested for cytotoxicity at 10 μM toward the wild-type (TF1)

and mutant (HEL) forms of JAK2-overexpressing human
erythroleukemia cells (Figure S3). Among them, MN341P,
MN390, ST3i, and ST4j were susceptible to mutant HEL cells,
which is consistent with the JAK2 inhibitory activity results
(Figure 4). In addition, almost all compounds from computa-
tional screening (except ST4j) were more susceptible to
mutant cells than to wild-type cells. This is because the V617F
mutation near the hinge region maintains its open con-
formation of the activation loop (A loop), resulting in a higher
occupancy of the ligand.30 The ST4j (IC50 = 15.53 ± 0.82 μM)
was found to be a potent compound against the TF1 cells
significantly better than tofacitinib (IC50 = 25.13 ± 0.68 μM)
by ∼1-fold but lower than ruxolitinib (IC50 = 10.66 ± 0.88
μM). In the case of HEL cells, ST4j (17.90 ± 1.36 μM)
showed cell growth inhibition at a similar level to both drugs,
tofacitinib (23.28 ± 1.55 μM), and ruxolitinib (19.28 ± 0.64
μM) (Figure S4). ST4j, a pyrazolone derivative, can inhibit the
HEL cell growth with an IC50 value of 17.90 ± 1.36 μM,
similar to the reported pyrazolone derivative of pyrimidine
analogues (IC50 = 12.2 μM).23

Several quinoxaline analogues have been reported to inhibit
leukemia cells growth such as pyrrolo[1,2-a]quinoxaline
carboxylate that can inhibit many types of myeloid and
lymphoid leukemia cells growths (K652, chronic myelogenous
leukemia IC50 = 12 μM; HL60 acute promyelocytic leukemia
IC50 = 24 μM and Jurkat acute T cell leukemia IC50 = 5 μM).31

In addition, isoindolo[2,1-a]quinoxaline inhibited Jurkat cell
growth with an IC50 of 12 μM.32 Although we used cell lines
different from the previous reports mentioned above, quinoxa-
line analogues have been proved to inhibit the growth of
leukemia cells with JAK2 expression. Therefore, the ST4j
compound could be a good compound for inhibitions of TF1
as well as HEL cells.
Furthermore, the ST4j compound was selected to investigate

the toxicity toward Vero (monkey kidney epithelial cells) and
HepG2 (liver hepatocellular cells) cells (Figures 5C and S4).

Figure 5. In vitro study of focused compounds toward JAK2/3 by kinase assay and cell-based assay. (A) In vitro IC50 values of the potent
quinoxalinone derivatives (MN341P, MN390, ST3i, and ST4j) and drugs (tofacitinib and ruxolitinib) toward JAK2/3 (ND = not detected), the
IC50 value of ST4j compound and drugs toward (B) TF1 and HEL, (C) Vero and HepG2 cells, and (D) Western blot analysis in TF1 cells after
treatment with ST4j and drugs at various concentrations. * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001 vs tofacitinib, # p ≤ 0.05 and ### p ≤ 0.001 vs
ruxolitinib.
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The quinoxaline-1,4-di-N-oxide derivative in the previous
report showed low Vero cell growth inhibition (IC50 > 100
μM).33 Consistent with this finding, we found that ST4j was
low toxic to normal Vero cells (IC50 of >100 μM in Vero cells
and of >50 μM in HepG2 cells, similar to both known drugs
(Figures 5C and S4). The results suggested that ST4j
specifically inhibited human erythroleukemia cells with low
toxicity to the normal cells.
2.4. Modulation of JAK2 Signaling Pathways by ST4j.

To investigate whether the JAK2 autophosphorylation could
be inhibited by ST4j, the phosphorylation status of JAK2 and
its downstream proteins were determined in TF1 cells using
Western blotting. As shown in Figure 5D, we found that

ruxolitinib at the IC50 value completely abolished phosphor-
ylation of JAK2 (Y1007/1008) as well as STAT5 (Y694).
Previous studies have shown that quinoxalinone-containing
compounds, including quinoxaline pyrazole morpholine
dihydrochloride derivative (NVP-BSK805)34 and imidazoqui-
noline derivative,35 can inhibit JAK2 and STAT5 pathways in
many kinds of cancers. Corresponding with these reports, we
found that ST4j at IC25, IC50, and IC75 inhibits phosphor-
ylation of JAK2 as well as STAT5. Therefore, this finding
indicated that ST4j inhibits human erythroleukemia TF1 cell
growth via the JAK2/STAT5 signaling pathway.
2.5. Apoptosis Induction by ST4j. To explore the

apoptosis mechanism of TF1 cells induced by ST4j, we

Figure 6. Flow cytometric analysis of time-dependent induced-apoptotic TF1 cells treated with IC50 values of ST4j compound and drugs
(tofacitinib and ruxolitinib) for 24, 48, and 72 h, respectively. Representative figures showing the population of living, apoptosis, and dead cells of
(A) annexin V, (B) caspase3/7, and (C) proposed mechanisms of ST4j treatment in TF1 cells, in which ST4j promotes cell death via apoptosis by
the inhibition of pJAK2.
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performed flow cytometric analysis at 24, 48, and 72 h (Figures
6A,B and S5−S6). The flip out of phosphatidylserine on the
cell surface and the activation of caspase contribute to the
production of signaling cascades responsible for apoptotic
processes.36,37 In the annexin V assay, after a 24-h incubation
(Figures 6A and S5), the total apoptotic cells were increased
by ∼30% for ST4j and ∼35% for both drugs, tofacitinib, and
ruxolitinib treatment. At 72-h incubation, the apoptotic cell
populations of ST4j treated cells were quite stable at ∼40%,
whereas those of drug-treated cells were increased by ∼50%.
Our results showed that apoptotic cell populations from
annexin V of ST4j and drug treatments in TF1 cells were
increased in a time-dependent manner, which corresponds
with results from the caspase 3/7 activation (Figures 6B and
S5).
Caspase 3/7 is an executioner caspase in apoptosis due to its

role in coordinating the destruction of cellular structures.38

The total number of apoptotic cells of ST4j treatment was
∼1% at 24-h incubation. After 48- and 72-h incubations, the
apoptotic cells were increased by ∼40% and ∼70%,
respectively. In addition, the apoptotic cells of drugs,
tofacitinib, and ruxolitinib at 24-h incubations were ∼20%.
Afterward, the total number of apoptotic cells at 48- and 72-h
incubations increased ∼2-fold (∼40%) and ∼2-fold (∼50%),
respectively, from 24-h incubations. These findings indicate
that ST4j induced cytotoxicity via apoptosis in a time-
dependent manner.
We further examined the dose-dependent effect at IC25,

IC50, and IC75 of ST4j in comparison with drugs at 24-h
incubation on TF1 cells by annexin V (Figure S6). In positive
control conditions, tofacitinib and ruxolitinib treatment, the
percentage of cell apoptosis was increased in a dose-dependent
manner. Supportively, several previous works showed that
ruxolitinib induced apoptotic cell death in dose-dependent

effect.39−41 For ST4j treatment, the total apoptosis was
increased by ∼15%, 20%, and 30% after treatment with IC25,
IC50, and IC75, respectively. Our research implies that ST4j
induced cytotoxicity via apoptosis in a dose-dependent
manner.
Altogether, Figure 6C shows the proposed mechanisms of

ST4j toward the TF1 cell line. It is represented that ST4j
treatment inhibited phosphorylation of JAK2, resulting in
decreased phosphorylation of STAT5. This leads to caspase 3/
7 activation and apoptosis induction in dose- and time-
dependent manners. Similarly, previous studies demonstrated
that quinoxaline as pyrazole morpholine dihydrochloride
derivative (NVP-BSK805) induced apoptosis in SET-2 cells,
a human megakaryoblastic cell line.34

2.6. Key Binding Affinity. Because ST4j showed potent
inhibition toward JAK2 from kinase inhibition and a cell-based
assay, the key binding affinity of ST4j against JAK2 was
assessed. The binding affinity between ST4j and JAK2 was
investigated in comparison with JAK2/ruxolitinib complex by
three independent MD simulations for 500 ns. The
ΔGbind,residue calculations based on the MM/GBSA method
were performed on the 100 snapshots obtained from the last
100 ns of all simulations. Note that each simulation system
including number of hydrogen bonds and atom contacts
showed quite similar phenomena (Figures S7−S8). The
complexation of three JAK2/ST4j systems (∼1−6) demon-
strated the higher number of hydrogen bonds than JAK2/
ruxolitinib (∼1−4). Therefore, only one simulation (run1 from
JAK2/ruxolitinib and run2 from JAK2/ST4j systems) of
energy per residue and compound binding mode inside the
binding pocket is illustrated in Figure 7.
The hydrophobic residues L855, V863, Y931, L932, and

L983 of JAK2 could interact with ruxolitinib, while L855,
G856, G935, S936, V863, and L983 of JAK2 could interact

Figure 7. (A) Per-residue decomposition free energy (ΔGbind
residue), the van der Waals (vdW) and electrostatic energy contributions of the domain of

JAK2 for the binding of tofacitinib and ST4j. (B) the binding orientation of ruxolitinib and ST4j within the binding pocket drawn from the last MD
snapshot. The lowest and highest energies are colored from purple to dark red, respectively.
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with ST4j, which exhibited an energy contribution of less than
−1.0 kcal/mol (Figure 7A,B). Interestingly, the complexes
between JAK2/ruxolitinib and JAK2/ST4j were strongly
stabilized by two regions as follows: (i) G loop, L855 and
V863 residues; and (ii) catalytic loop, L983 residue. The
docking orientation of the quinoxaline derivative of benzox-
azole in the previous report formed a hydrophobic interaction
with V863 in the G loop, which corresponds with this result.42

The Cl derivative in the quinoxalinone ring of ST4j interacted
with residue G935 at the hinge region (green, −1.63 kcal/
mol). In drug design, the incorporation of halogen atoms in
lead candidates is often found, since they are highly
electronegative and reactive atoms that could interact well
within the binding pocket of the enzyme.43 For ruxolitinib
binding with JAK2, the cyclopentyl showed destabilization
with K882. However, the pyrrolopyrimidine and pyrazole of
ruxolitinib were braced between the hydrophobic residues,
A880, M929, G856, V911, and S862, while the cyanide group
points to G993 in the C lobe. Besides ruxolitinib, tofacitinib
which consists of pyrrolopyrimidine core was also stabilized
within the JAK2 pocket by hydrophobic interactions with Y931
and L932 residues, similar to JAK2/ruxolitinib in this work.44

However, tofacitinib inhibited JAK3 higher than JAK2 since
the methyl side chain of the piperidine ring protrudes to the
C909 residue, effectively enhancing the hydrophobicity of the
JAK3 binding site compared with the other isotypes where the
serine residue occupies this position (JAK1; S963, JAK2; S936
and TYK2; S985).16,44

Apart from hydrophobic interactions, electrostatic inter-
actions are also important for ST4j and ruxolitinib binding.
The S936 and R938 residues at the tail hinge region of JAK2
also played an important role for stabilizing JAK2/ST4j. The
strong electrostatic contributions for ruxolitinib binding with
JAK2 were observed at E930 at the deep hinge region and
D994 residue at the A loop. Our results showed that ruxolitinib
and ST4j were stabilized within JAK2 in the hinge region.
However, the drug binds to the hinge region deeper than ST4j.
For energy contributions (Figure 7A), the vdW interactions of
ruxolitinib and ST4j binding at the conserved regions were
predominant rather than electrostatic interactions.
2.7. Ligand-Protein Hydrogen Bonding and Mobility

of Protein. One of the intermolecular attractions for
determining the ligand’s binding strength within the protein
is the hydrogen bond. In this study, the hydrogen bond
occupations of JAK2/ruxolitinib (run 1) and JAK2/ST4j (run
2) complexes from the last 100 ns simulation were performed
(Figure 8A). Our results showed that hydrogen bond
formation of ruxolitinib with the E930 (99.99%) and L932
(90.45%), located in the hinge region, provide strong
stabilization. This result corresponds with the hydrogen
bonding of the pyrrolopyrimidine ring in ruxolitinib from
Glide docking16 as well as tofacitinib from MD simulations and
with both residues in JAK2.44 ST4j formed hydrogen bonds
with residues S936 (51.34%) and R938 (72.74%) at the hinge
region. In addition, this compound could form a hydrogen
bond with K857 (20.45%) at the G loop. In the previous
report, the amide group of 2,4-dihydroxyphenyl-isonicotinohy-
drazide quinazoline (3b) formed a hydrogen bond with K857
of JAK2.45 The ruxolitinib forms hydrogen bonds with JAK2 at
the deep hinge region, while hydrogen bond formation of
JAK2/ST4j was displayed at the edge of the hinge region
opposite in the G loop. Although no hydrogen bonds are
shown in the same amino acid position between ruxolitinib and

ST4j, low mobility of ST4j within the JAK2′s ATP-binding
pocket was observed (Figure 8B), suggesting that ST4j was
stabilized well within the JAK2, similar to ruxolitinib.
Therefore, the quinoxalinone analogue ST4j could be used
as a JAK2 inhibitor.

3. CONCLUSIONS
The molecular docking approach was used to screen for the
quinoxalinone compounds that could inhibit JAK2/3. We
obtained the quinoxalinone with derivatives of pyrazolone and
chlorine atom (ST4j) as a novel inhibitor of JAK2/3. This
compound showed strong inhibition against JAK2/3 in the
kinase assay. The ST4j showed inhibition of TF1 (IC50 of
15.53 ± 0.82 μM) and HEL (IC50 of 17.90 ± 1.36 μM) cell
growths, similar to the commercial drugs tofacitinib and
ruxolitinib. Furthermore, ST4j treatment in TF1 cells, which
overexpress JAK2, strongly inhibited JAK2 phosphorylation
and the subsequent STAT5 phosphorylation, and induced cell
death via apoptosis in dose and time-dependent manners.
From MD simulations, the core quinoxalinone of ST4j
occupied hydrophobic regions such as L855, V863, and
L932 and were stabilized by hydrogen bonds with S936 and
R938 residues. Hence, the ST4j compounds could serve as a
promising lead for the development of anticancer drug
targeting JAK2/3.

4. MATERIAL AND METHODS
Human erythroleukemia TF1 (ATCC CRL-2003) and HEL
92.1.7 (ATCC TIB-180) cell lines, human liver cancer HepG2
cell line (ATCC HB-8065) and monkey (Cercopithecus
aethiops) kidney Vero cell line (ATCC CCL-81) were
purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA). Primary antibodies against JAK2
(ab108596), p-JAK2 (ab32101; Y1007/1008) were purchased
from Abcam. Primary antibody of p-STAT5 (#9351; Y694), β-
actin (#4970) and secondary antibody, antirabbit IgG, HRP-
linked (#7074) were purchased from Cell Signaling Technol-
ogy. Poly(glu-tyr) Peptide(P61−58) was purchased from
SignalChem Biotech (Canada). Muse annexin V and dead

Figure 8. (A) Percentage of hydrogen bond occupation of ruxolitinib
and ST4j within the JAK2 binding pocket. Note that the hydrogen
bond with value >50% was selected to represent in 3D and (B) B
factor of JAK2, the flexible and rigid regions are ranged from blue to
green and red, respectively. The data were derived from the last 100
ns of the one simulation of JAK2 with ruxolitinib (run 1) and ST4j
(run 2).
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cell kit (MCH100105) and caspase-3/7 kit (MCH100108)
were purchased from Merk (Germany). Quinoxalinones were
synthesized and obtained from Associate Professor Dr. Sirilata
Yotphan, Department of Chemistry, Faculty of Science,
Mahidol University.26−28

4.1. Experimental Methods. 4.1.1. Kinase Inhibitory
Activity. The inhibitions of kinase toward JAK2/3 (Sigma-
Aldrich: SRP0171, SRP0173) of screened compounds were
measured by using the ADP-Glo Kinase Assay Kit (Prom-
ega).46,47 The reaction consists of 2.5 ng/μL of JAK2/3,
screened compounds at 1 μM, 5 μM ATP and 2 ng/
μLpoly(glu·tyr) in a buffer (40 mM Tris−HCI pH 7.5, 20 mM
MgCl2, and 0.1 mg/mL BSA). The mixture was incubated for 1
h at room temperature. The ADP-Glo reagent was then added
to 5 μL and incubated for 40 min. After that, 10 μL of kinase
detection reagent was added and incubated at room temper-
ature for 30 min. Finally, the ATP product’s luminescence
analysis was carried using a microplate spectrophotometer
(Synergy HTX Multi-Mode Reader, BioTek). The compound
inhibition (%) was measured in comparison to the control of
the reaction without an inhibitor. The IC50 inhibitions of
compounds were assayed by 2-fold dilution.

4.1.2. Cell Cultures. The TF1 cell was grown in RPMI
(Roswell Park Memorial Institute medium) supplemented with
2 ng/mL GM-CSF (Granulocyte-macrophage colony-stimulat-
ing factor), 10% fetal bovine serum (FBS), 100 U/mL
penicillin and 100 μg/mL streptomycin, and HEL cell was
grown in RPMI supplemented with 10% FBS, 100 U/mL
penicillin, and 100 μg/mL streptomycin. HepG2 and Vero
cells were grown in DMEM supplemented with 10% FBS, 100
U/mL penicillin, and 100 μg/mL streptomycin. All cells were
maintained at 37 °C in a humidified 5% CO2 atmosphere.

4.1.3. Cytotoxicity. Cells were seeded into 96-well plates
and were incubated overnight. The density of cells was used
including 50 000 cells/well for TF1; 25 000 cells/well for HEL;
7000 cells/well for HepG2 and 2000 cells/well for Vero. After
that, cells were treated with screened compounds at serial 2-
fold dilutions for 72 h. The TF1 and HEL cells which are
suspension cells were assessed using the PrestoBlue assay; 10
μL of resazurin solution was added and incubated for 1 h. Both
HepG2 and Vero cells, which are adherent cells, were assessed
using the MTT assay; 100 μL of MTT solution (5 mg/mL)
was added and then incubated for 3 h. The medium was
removed, and 50 μL of DMSO was added subsequently.
Finally, the resorufin of the PrestoBlue assay and formazan of
the MTT assay product absorbance measurement was
performed at 570 nm using a microplate spectrophotome-
ter.48,49 The vehicle control was treated without inhibitor and
the reaction contains 0.2% DMSO of all wells.

4.1.4. Apoptosis Analysis. The TF1 cell treatments with
inhibitors in (i) various times (24, 48, and 72 h) at the IC50
value and (ii) various concentrations (IC25, IC50 and IC75) at
24 h were gently trypsinized for 5 min. Then, the cells were
centrifuged at 1000 rpm for 5 min. The pelleted cells were
collected. Then, the pelleted were resuspended and incubated
for 25 min at room temperature in the dark with annexin V and
dead cell reagent.
In addition, the TF1 cell treatments with an IC50 value of

inhibitor at various times including 24, 48, and 72 h at the IC50
value was performed to assess apoptotic cells by caspase3/7.
After trypsinization and centrifugation in the method above,
the pellet was removed. Pellets were resuspended and
incubated with 5 μL of caspase 3/7 reagent. Reactions were

then incubated at 37 °C for 30 min and then mixed with 7-
aminoactinomycin D (7-ADD). Finally, the number of
apoptosis cells (%) of annexin V and caspase3/7 methods
were analyzed by flow cytometry using cell analyzer MUSE
(Merck-MiIIipore, MA).

4.1.5. Immunoblotting. The TF1 cells in RPMI containing
0.1% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin
at a density of 300 000 cells/well were seeded into a 24-well
plate and were incubated overnight. Then, cells were treated
with the designated compounds for 2 h (IC25, IC50, and IC75
values for ST4j compound and IC50 value for ruxolitinib).
Subsequently, the treated cells were stimulated for 20 min with
2 ng/mL of GM-CSF, and the cells were collected by
centrifugation at 1000 rpm for 5 min. The pelleted cells were
rinsed twice with cold PBS with 1 mM sodium orthovanadate
by centrifugation at 1000 rpm for 5 min. Homogenized
pelleted cells by adding the RIPA buffer containing a protease
inhibitor and incubated on ice for 1 h. Cells were sonicated for
10 min and centrifuged for 20 min. The supernatants were
collected, and the protein concentration was determined by the
Bradford assay.50 Total protein (20 μg) were separated on 12%
SDS-PAGE and transferred to a PVDF membrane. The
membrane was blocked with 3% BSA in TBST (10 mm
Tris−HCl, pH 8, 150 mM NaCl, and 0.1% Tween 20) for 1 h.
Subsequently, primary antibodies in 5% TBST including β-
actin, JAK2, pJAK2, and pSTAT5 were incubated at 4 °C
overnight. After incubation, the membrane was washed twice
for 5 min with the TBST buffer and incubated for 1 h at room
temperature with the secondary antirabbit IgG antibody. The
immunoreactive bands were detected using the ECL kit
(Amersham, Little Chalfont, UK).

4.1.6. Statistical Analysis. Data from three independent
experiments which were evaluated using GraphPad Prism 7.0
software were expressed by mean ± standard error of mean
(SEM). For statistical analysis, a one-way and two-way analysis
of variance (ANOVA) in which Tukey’s multiple comparisons
test. p ≤ 0.05 was chosen as the significance level for all
analyses performed.
4.2. Computational Methods. 4.2.1. Molecular Docking.

Tofacitinib complexes with JAK2 (code 3FUP) and JAK3
(code 3LXK) were downloaded from Protein Data Bank.12,51

For protein preparations, all missing residues 920−923 of
JAK2 were built using the SWISS-MODEL server.52 The
protonation states were predicted by ionizable amino acids at
physiological pH 7.4 using PROPKA3.1.53 For ligand
preparations, the 3D structures of known drugs, ruxolitinib
and tofacitinib, were downloaded from the ZINC database54

and in-house database quinoxalinones were generated from the
Gaussian09 program.55 The protonation state of ligands was
characterized by ChemAxon.56

Tofacitinib was defined in both JAKs as the center of the
active site in the FlexX docking ATP-binding pocket.57 The
docking parameter was used as 12 Å of sphere radius, 100
independent runs, Gasteiger−Marsili formalism atomic
charges.58 The results of docking were visualized for binding
patterns by the UCSF Chimera package59 and Accelrys
Discovery Studio 2019 (Accelrys Inc., San Diego, CA, USA).60

4.2.2. Molecular Dynamics Simulations. All-atom MD
simulations with three different initial velocities including
ruxolitinib/JAK2 and focused compound/JAK2 were simu-
lated using periodic boundary condition with the isothermal−
isobaric ensemble (NPT) at a constant pressure of 1 atm
equilibrated at 310 K in AMBER16 through pmemd CUDA.61
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The force fields of JAK2 and inhibitors were FF14SB62 and
GAFF2,63 respectively. The optimization of inhibitors in the
HF/6-31g(d) level was adopted as previous studies44,64−68 by
the Gaussian09 program.55 Consequently, the electrostatic
potential (ESP) charges and restrained ESP (RESP) were
computed in AMBER16. All systems were solvated in explicit
water using the TIP3P model. For nonbonded interactions, the
cutoff was 12 Å, while long-range electrostatic interactions
were applied by Ewald’s method.69 All covalent bonds
involving hydrogen atoms were constrained by the SHAKE
algorithm.70 The temperature was controlled by a Langevin
thermostat with a collision frequency of 2.0 ps. Finally, the
unrestrained NPT simulation was simulated for 500 ns, which
were recorded the MD trajectories every 500 steps. The system
analysis was performed by intermolecular HB occupation,
atom contacts, and B factor using the CPPTRAJ module.71

Besides, decomposition free energy (ΔGbind
residue) was calculated

by the MM/PBSA.py module.
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