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Drugs of targeting both activin receptor-like kinase 5 (ALK5) and p38a have therapeutic advantages,
making them attractive treatment options for tumors. Two series of 4-(1H-indazol-5-yl)-5-(6-
methylpyridin-2-yl)-1H-imidazoles 13aeg and 4-(1-methyl-1H-indazol-5-yl)-5-(6-methylpyridin-2-yl)-
1H-imidazoles 20aeg were synthesized and evaluated for ALK5 and p38a mitogen-activated protein
kinase inhibitory activity. The most potent compound, 13c (J-1090), inhibited ALK5- and p38a-mediated
phosphorylation with half-maximal inhibitor concentrations of 0.004 mM and 0.004 mM, respectively, in
the enzymatic assay. In this study, the effectiveness of 13c in transforming growth factor (TGF-b)-
exposed U87MG cells was investigated using western blotting, immunofluorescence assays, cell migra-
tion assay, invasion assay, and RT-PCR analysis. 13c inhibited the protein expression of Slug and the
protein and RNA expression of the mesenchymal-related proteins N-cadherin and vimentin. Further-
more, 13c markedly suppressed TGF-b-induced epithelial-to-mesenchymal transition (EMT), migration,
and invasion in U87MG cells. These results suggest that 13c is a novel inhibitor of ALK5 with potential
utility in the treatment of human glioma.

© 2021 Elsevier Masson SAS. All rights reserved.
1. Introduction

Glioblastoma (GBM) is one of the most common primary ma-
lignant brain tumors, and it typically carries a poor prognosis and
high mortality rates [1]. Surgical resection followed by radio-
therapy with concomitant temozolomide is considered the stan-
dard treatment for GBM. Despite this multidisciplinary approach,
the 5-year survival rate is only 6.8% [2]. The poor prognosis of GBM
is associated with the invasiveness and metastasis of tumor cells in
the normal brain [3,4].

Transforming growth factor-b (TGF-b), a 25-kDa disulfide-linked
dimeric protein, exhibits high activity in aggressive gliomas [5].
Functionally, in normal epithelial cells and early-stage tumors, TGF-
2014@foxmail.com (C.H. Jin),

served.
b elicits tumor-suppressive effects, whereas it plays oncogenic roles
in advanced gliomas [6]. This change of function is caused by the
acquisition of mutations in TGF-b pathway gene, permitting escape
from the TGF-b cytostatic response. In certain malignant tumors,
such as gliomas, TGF-b selectively loses the ability to inhibit pro-
liferation despite an intact the TGF-b pathway [7]. TGF-b ligands
include the isoforms TGF-b1, TGF-b2, and TGF-b3. Each isoform
exhibits unique functions in vivo [8]. TGF-b ligands bind to the TGF-
b type II receptor (TGF-bRII), thereby inducing TGF-b type I receptor
(activin receptor-like kinase 5, ALK5) recruitment and phosphory-
lation [9]. The complex consisting of TGF-bRII and ALK5 then
phosphorylates Smad2 and Smad3, which belong to the R-Smad
protein family. Phosphorylated R-Smads are translocated to the
nucleus, in which they combine with Smad4 to regulate the tran-
scription of several genes [10e12]. Hence, it is evident that inhi-
bition of the phosphorylation of Smad2 and Smad3 by ALK5 can
block transmission of the TGF-b signal to the nucleus [13]. Small
molecule inhibitors of ALK5, such as compounds 1 (SB-505124)
[14], 2 (EW-7197) [15], 3 [16], 4 [17], 5 (LY-2157299) [18e20], and 6
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[21], represent attractive modalities for controlling the TGF-b
pathway, and their application in the treatment of various diseases
has been reported (Fig. 1). Among these, compounds 2 (phase II)
and 5 (phase II) have been approved by the US Food and Drug
Administration (FDA) for the treatment of cancer, and they are
currently being investigated in clinical trials for the treatment of
several cancer types [13,22].

The mitogen-activated protein (MAP) kinase p38 is an impor-
tant regulator of signal pathways controlling the cytokines tumor
necrosis factor-a (TNF-a) [23e26] and interleukin-1b (IL-1b)
[27,28]. The p38 MAPK family consists of four different isoforms:
p38a, p38b, p38g, and p38d [29]. p38a is the chief isoform impli-
cated in inflammatory disease [30,31]. p38a MAP kinase is acti-
vated by cellular stresses, growth factors, and cytokines (TNF-a and
IL-1b). Once activated, p38a activates other kinases that subse-
quently phosphorylate heat shock proteins and transcription fac-
tors, further controlling the production of these cytokines.
Furthermore, high levels of p38a MAP kinase have been associated
with non-small lung cancer [32], breast cancer [33,34], and head
and neck squamous cell carcinoma (HNSCC) [35]. Therefore, p38a
MAP kinase inhibition is considered the main therapeutic strategy
for preventing the production of pro-inflammatory cytokines and
development of cancer. Several inhibitors targeting p38a are being
evaluated in preclinical studies and clinical trials. Among them,
BIRB796, LY2228820, VX-702, and PH-797804 have been identified
as highly potent inhibitors of p38a, and they are currently under
evaluation in clinical trials for inflammatory and cancer applica-
tions [31,36,37].

In recent years, many research groups have reported the activity
of dual-target inhibitors in the literature and obtained good results
[38e40]. In a recent study, we identified dual ALK5/p38a MAP in-
hibitors possessing 3(5)-substituted-4-(quinolin-4-yl)pyrazole-
and 4-(2-phenylpyridin-4-yl)pyrazoles moieties. Among these, J-
1012 significantly inhibited the transcriptional activity induced by
ALK5 and p38a [41]. Moreover, the compound has exerted anti-
tumor activity in colon cancer cells by inhibiting the hypoxia-
inducible factor-1a protein channel.
Fig. 1. Presentative class
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We previously reported that the [1,2,4]triazolo[1,5-a]pyridin-6-
yl moiety of compound 2 occupies the pocket for the ATP adenine
ring and forms a hydrogen bond with the NH of His283 in the
backbone of the ALK5 hinge region as a hydrogen acceptor [15,42].
We assumed that groups containing hydrogen bond donors are
introduced into the 4-position of the central imidazole ring in
compound 2, and these groups may form hydrogen bonds with the
carbonyl group of His283, thereby improving the inhibitory activity
against ALK5. To test this assumption, we introduced an indazolyl
moiety instead of [1,2,4]triazolo[1,5-a]pyridine at the 4-position of
the imidazole in compound 2, thereby generating compounds
13aeg. To compare the effects of compounds containing hydrogen
bond donors with those containing acceptors against ALK5, the
methylated indazolyl-derived imidazoles 20aeg were also
designed (Fig. 2).
2. Results and discussion

2.1. Chemistry

The reaction sequence for the synthesis of the seven new
imidazole derivatives 13aeg is outlined in Scheme 1. Lithiation of 5-
bromo-1H-indazole (7) with n-BuLi at �50 �C in tetrahydrofuran
(THF), followed by treatment with anhydrous dimethylformamide
(DMF) to afford 1H-indazole-5-carbaldehyde (8) at a yield of 58%
[43]. The aldehyde 8 was coupled with diphenyl (6-methylpyridin-
2-yl)(phenylamino)methylphosphonate [44] in a mixture of THF
and i-PrOH in the presence of Cs2CO3 at room temperature, fol-
lowed by treatment with 1 N HCl to afford ketone 2-(1H-indazol-5-
yl)-1-(6-methylpyridin-2-yl)ethanone (9) in a 58% yield [13].
Oxidation of compound 9 with 40% HBr in dimethyl sulfoxide
(DMSO) led to diketone 10 in a 44% yield [44,45]. Cyclization of
diketone 10 with 60% 2,2-dimethoxyacetaldehyde in H2O and
NH4OAc in a mixture of t-BuOMe and MeOH at 50 �C gave imid-
azole 11 at a yield of 64% [15]. Hydrolysis of compound 11 in 1 N HCl
solution at 70 �C afforded imidazole-2-carbaxaldehyde 12 at a yield
of 96%. To observe the effect of substituents on the activity of
ical ALK5 inhibitors.



Fig. 2. The design strategy based on compounds 2, 3, 5 and 6.

Scheme 1. Synthesis of compounds 13aeg. Reagents and conditions: (a) i) n-BuLi (1.6 M in hexane), THF, �50 �C, 2 h; ii) anhydrous DMF, �50 �C, 0.5 h; (b) i) diphenyl (6-
methylpyridin-2-yl)(phenylamino)methylphosphonate, Cs2CO3, THF: i-PrOH (4:1), rt, 12 h; ii) 1 N HCl, 1 h; (c) 40% HBr in H2O, DMSO, 70 �C, 1.5 h; (d) 60% 2,2-
dimethoxyacetaldehyde in H2O, NH4OAc, MeOH (1:1), 50 �C, 2 h; (e) 1 N HCl, 70 �C, 4 h; (f) (i) AcOH, 1,2-dichloroethane, 75 �C, 2 h; (ii) NaBH4, MeOH, rt, 3 h.
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aromatic rings on the side chain, coupling of the 12 with appro-
priately substituted anilines in 1,2-dichloroethane in the presence
of AcOH at 75 �C, followed by reduction of the resulting imines with
NaBH4 in MeOH to give the target compounds 13aeg at yields of
32%e67% [13].

To compare the effect of the indazole hydrogen and its
replacement on activity, the 4-(1-methyl-1H-indazol-5-yl)-5-(6-
3

methylpyridin-2-yl)-1H-imidazoles 20aeg were synthesized as
presented in Scheme 2. 1-Methyl-1H-indazole-5-carbaldehyde
(14) was treated with aniline and diphenyl phosphite in i-PrOH
at room temperature to afford diphenyl ((1-methyl-1H-indazol-
5-yl)(phenylamino)methyl)phosphonate (15) in a 98% yield [46].
Coupling of the 15 with 6-methylpyridine-2-carboxaldehyde in a
mixture of THF and i-PrOH at room temperature in the presence



Scheme 2. Synthesis of compounds 20aeg. Reagents and conditions: (a) aniline, diphenyl phosphite, i-PrOH, rt, 3 h; (b) i) 6-methylpyridine-2-carboxaldehyde, Cs2CO3, THF: i-PrOH
(4:1), rt, 24 h; ii) 1 N HCl, 1 h; (c) 40% HBr in H2O, DMSO, 70 �C, 1.5 h; (d) 60% 2,2-dimethoxyacetaldehyde in H2O, NH4OAc, t-BuOMe: MeOH (1:1), 50 �C, 2 h; (e) 1 N HCl, 70 �C, 4 h;
(f) (i) AcOH, 1,2-dichloroethane, 75 �C, 2 h; (ii) NaBH4, MeOH, rt, 3 h.
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of Cs2CO3, followed by hydrolysis with 1 N HCl to give the
monoketone 16 at a yield of 23% [46]. Target compounds (20aeg)
were synthesized from compound 16 in four steps using the
same synthetic route and reaction conditions described in
Scheme 1.
2.2. Biological evaluation

2.2.1. Inhibition of ALK5 kinase activity by the compounds
To investigate whether compounds 13aeg and 20aeg could

inhibit ALK5 activity, their half-maximal inhibitory concentrations
(IC50s) were measured. To observe the influence of substituents on
the ALK5 inhibitory activity of the benzene rings on the side chain,
we introduced electron-withdrawing and electron-donating
groups, such as fluorine atoms and methyl groups, into the ortho,
meta, or para position of the benzene ring. Compounds 5 (LY-
2157299) and 2 (EW-7197) were used as positive controls. We
anticipated that inserting hydrogen bond donors at the 4-position
of the imidazole moiety in compound 2 would improve the bind-
ing affinity of the nitrogen atom for ALK5 related proteins, and
further enhance its ALK5 inhibitory activity. All compounds pos-
sessing 1H-indazol-5-yl (13aeg) and 1-methyl-1H-indazol-5-yl
(20aeg) moieties exhibited 3.8e32.3-fold more potent ALK5 inhi-
bition (IC50¼ 0.004e0.034 mM) than compound 5 (IC50¼ 0.129 mM;
Table 1). Compounds 13aeg more potently inhibited ALK5 activity
(IC50 ¼ 0.004e0.009 mM) than compound 2 (IC50 ¼ 0.014 mM).
These results illustrated that among compounds 13 types, the
inserting electron-withdrawing (F) and electron-donating groups
(CH3) into the benzene ring increased their ability to inhibit ALK5,
4

but the effect of substituents was not evident. Among compound 20
types, all compounds (20aeg; IC50 ¼ 0.010e0.024 mM) excluding
compound 20 g (IC50¼ 0.034 mM) exhibited similar ALK5 inhibitory
activity as the positive control compound 2. These data demon-
strated that among compound 20 types, both electron-
withdrawing and electron-donating groups at the ortho or meta
position of the benzene ring increased ALK5 inhibition; by contrast,
an electron-withdrawing group (20d, IC50 ¼ 0.016 mM) resulted in
better ALK5 inhibitory activity than the electron-donating group at
the para position on the benzene ring. Between the two compound
series, compounds 13a (IC50 ¼ 0.004 mM) and 13c (IC50 ¼ 0.004 mM)
most potently inhibited ALK5, displaying 32.3- and 3.5-fold greater
inhibitory activity than compounds 5 and 2, respectively. As ex-
pected, the results revealed that an indazoyl group introduced at
the 4-position of the imidazole moiety in compound 2 appeared to
be accommodated favorably into the ATP-binding pocket of ALK5,
potentiating its ALK5 inhibitory activity. In addition, the results
highlighted that introduction of a methylated indazolyl group
resulted in weaker ALK5 inhibition than insertion of an indazolyl
group at the same position in compound 2, which may be attrib-
utable to steric hindrance.
2.2.2. Inhibition of p38a MAP kinase activity by the compounds
In previous studies, we used p38a MAP kinase as a selective

kinase relative to ALK5 because its kinase domain is considered
most similar to that of ALK5 [13]. Unlike previous finding [13,15,42],
compounds 13aeg and 20aeg exhibited good p38aMAP inhibitory
activity (IC50 ¼ 0.004e0.565 mM; Table 1). In the two series, all
compounds (IC50 ¼ 0.004e0.052 mM) of series 13 excluding



Table 1
Inhibitory activity of 4-(1H-indazol-5-yl)-5-(6-methylpyridin-2-yl)-1H-imidazoles
13aeg and 4-(1-methyl-1H-indazol-5-yl)-5-(6-methylpyridin-2-yl)-1H-imidazoles
20aeg on ALK5 and p38a.fx1

Compound R IC50 (mM)

p38aa ALK5b

13a H 0.013 ± 0.0008 0.004 ± 0.0006
13b 2-F 0.020 ± 0.0005 0.005 ± 0.0003
13c 3-F 0.004 ± 0.0006 0.004 ± 0.0004
13d 4-F 0.052 ± 0.0010 0.006 ± 0.0008
13e 2-CH3 0.023 ± 0.0003 0.005 ± 0.0005
13f 3-CH3 0.032 ± 0.0007 0.008 ± 0.0006
13g 4-CH3 0.329 ± 0.0021 0.009 ± 0.0008
20a H 0.066 ± 0.0003 0.014 ± 0.0003
20b 2-F 0.095 ± 0.0004 0.013 ± 0.0007
20c 3-F 0.026 ± 0.0005 0.011 ± 0.0007
20d 4-F 0.112 ± 0.0009 0.016 ± 0.0004
20e 2-CH3 0.071 ± 0.0006 0.024 ± 0.0005
20f 3-CH3 0.023 ± 0.0003 0.010 ± 0.0006
20g 4-CH3 0.565 ± 0.0015 0.034 ± 0.0007
5 (LY-2157299) 0.493 ± 0.0005 0.129 ± 0.0004
2 (EW-7197) 2.950 ± 0.0004 0.014 ± 0.0003

a,bValues are the average of three independent experiments run in triplicate.
a p38a MAP kinase was expressed in E. coli as untagged human recombinant

protein.
b ALK5 was expressed in Sf9 insect cells as a human recombinant GST-fusion

protein using the vaculovirus expression system.
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compound 13 g (IC50 ¼ 0.329 mM) strongly inhibited p38a MAP
activity, whereas all compounds (IC50 ¼ 0.066e0.565 mM) of series
20 excluding compounds 20c (IC50 ¼ 0.026 mM) and 20f
(IC50 ¼ 0.023 mM) moderately inhibited p38a MAP activity. Be-
tween the two compounds series, compound 13c (IC50 ¼ 0.004 mM)
mostly strongly inhibited p38a MAP kinase activity, displaying
123.3- and 737.5-fold greater inhibitory activity than compounds 5
(IC50 ¼ 0.493 mM) and 2 (IC50 ¼ 2.950 mM), respectively.
2.2.3. Docking study

2.2.3.1. Docking of compounds 13c and 20 g in the ALK5 active site.
To rationalize the structure-activity relationship (SAR) shown in
Table 1, we examined the binding modes of two representative li-
gands from two series of compounds, 13c and 20 g, using the semi-
flexible molecular docking programs Libdock [47]. Docking ana-
lyses were performed using the recently reported X-ray structure of
ALK5 in complex with a pyrazole ALK5 inhibitor (PDB: 1RWB) [48].
As expected, the carbonyl group of His283 formed hydrogen bond
with the NH group of 1H-indazol-5-yl moiety in 13c and a hydrogen
atom of Tyr282 formed hydrogen bond with the nitrogen atom of
1H-indazol-5-yl moiety in 13c, respectively (Fig. 3A and B). The
fluoride atom on benzene ring of side chain in 13c formed a
hydrogen bond and a halogen bond with amine on the side chain of
Lys335 and the carbonyl group on the side chain of Asn338,
respectively. The amine group on the side chain in 20 g formed a
hydrogen bond with the carbonyl group of Lys337 (Fig. 3C and D).
The central imidazole ring in 20 g formed an unfavorable donor-
donor bond with the amine group on the side chain of Lys232.
The pyridine moiety of 13c and 1-methyl-1H-indazol-5-yl moiety
of 20 g were stretched to the back of the hydrophobic pocket.
5

Compound 13c showed higher ALK5 inhibitory activity than com-
pound 20 g, whichmay be related to the following two reasons. Not
only calculated binding energy scores (LibDock Score) of these two
compounds indicated that 13c (�144.272 kcal/mol) formed more
stable complexes with ALK5 than did 20 g (�134.707 kcal/mol), but
also compound 13c (His283, Tyr282, Lys335, and Asn338) showed
more bonding with previously reported key amino acids than did
compound 20 g (Lys337 and Lys232) [22,49]. Furthermore, com-
pound 13c seemed to be more favorably accommodated in the
binding pocket of ALK5 than compound 20 g.

2.2.3.2. Docking of compound 13c in the p38a active site.
Compound 13c showed the highest inhibitory activity in p38aMAP
analysis (Table 1). In an attempt to explore the binding affinity of
13c in the p38a active site, the binding mode was investigated
through a molecular docking study [50,51]. Fluoride atom on the
benzene ring of side chain in 13c formed a hydrogen bond with
Thr106 (Fig. 4A). It was shown that the pyridine moiety of 13c was
stretched into the back of the binding pocket of p38a consisting of
Leu74, Leu75, Phe169, Glu71, Asp168, Ile84, Lys53, Thr106, Als51,
Ala172, Arg67, and Arg173 (Fig. 4B). We found that compound 13c
did not form any bonds with Ser280. As bonding with Ser280 is
known to be vital for the selectivity of ligands toward ALK5 over
p38a MAP kinase, this may be the reason for the low selectivity of
these two series compounds [41]. High selectivity to different ki-
nases leads to lower toxicity of compounds. This part was identified
in our lead compound studies [15]. As anti-tumor drugs, dual-target
inhibitors have synergistic effects. In fact, these results indicate that
compound 13c has a good binding affinity with p38a-related
proteins.

2.2.4. 13c inhibits the expression and nuclear translocation of slug
in TGF-bestimulated U87MG cells

TGF-b is one of the most well-known inducers of epithelial-to-
mesenchymal transition (EMT) in late-stage cancers [52]. EMT is a
cellular process associatedwith various tumor functions [53], and it
is often defined by the loss of the epithelial cell adhesion protein E-
cadherin together with the gain of the mesenchymal-associated
molecules N-cadherin and vimentin [54e56]. Numerous studies
revealed that EMT plays an important role in tumor progression,
and it is an essential factor for the invasion and migration of tumor
cells [55,57]. TGF-b signaling also promotes the expression of EMT-
related gene, such as Snail1, Snail2, ZEB1, ZEB2, and LEF1, which
accelerate the loss of cellecell adhesion and cytoskeletal rear-
rangement [58].

Slug (Snail2), a member of the Snail family, downregulates E-
cadherin transcriptionwith the E-box elements in EMT progression
[59]. Studies have indicated that Slug expression is correlated with
tumor biological aggressiveness [60,61]. Both Snail1 and Snail2 are
associated with increased invasion and migration of malignant
gliomas [62].

To observe the ETM inhibitory activity of the synthesized com-
pounds, the compound with the highest activity, 13c (J-1090), was
selected. Initially, the effects of compounds 13c and 5 Slug protein
expression in TGF-bestimulated U87MG cells were evaluated.
Western blot analysis revealed that 13c treatment significantly
suppressed Slug protein expression in a concentration-dependent
manner in U87MG cells (Fig. 5A, lanes 5 and 6). Interestingly,
compound 13c more strongly suppressed Slug expression than
compound 5 (Fig. 5A, lanes 3e6). We next evaluated the effect of
13c on the nuclear translocation of Slug in U87MG cells using
immunofluorescence assays. The results indicated that in cells
treated with TGF-b alone, Slug translocated to the nucleus, whereas
in cells pretreated with 13c (1 mM) followed by TGF-b exposure, the
nuclear translocation of Slug was significantly inhibited (Fig. 5B).



Fig. 3. Docking conformation of compounds 13c and 20 g in the active site of ALK5 (PDB: 1RWB). (A) 2D binding model of 13c. (B) Proposed conformation of 13c in the binding
pocket of ALK5. (C) 2D binding model of 20 g. (D). Proposed conformation of 20 g in the binding pocket of ALK5. Lipophilicity increases from blue (hydrophilic) to brown (lipophilic).
The ligands are shown in yellow.
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2.2.5. 13c blocks TGF-beinduced morphological changes
Previous studies demonstrated that TGF-b overexpression pro-

motes morphological changes and EMT in cancer cells [63]. We
then explored whether compound 13c impedes TGF-beinduced
morphological changes in U87MG cells. After a single treatment for
48 h, TGF-b induced elongation characteristic of EMT in U87MG
cells. However, 13c treatment inhibited this morphological change.
We also found that concomitant treatment with compound 13c
more strongly prevented this change than 5 in TGF-betreated
U87MG cells (Fig. 6). These data suggested that 13c can induce EMT
reversal.
6

2.2.6. 13c reverses EMT induced by TGF-b
To determine whether 13c reverses TGF-beinduced EMT, we

first assessed the expression of N-cadherin, a mesenchymal marker,
in U87MG cells treated with 13c in the presence or absence of TGF-
b. Immunofluorescence assays revealed that 13c reversed the
upregulation of N-cadherin induced by TGF-b (Fig. 7A). Next, we
further examined the reversal of EMT under 13c treatment through
an examination of the protein and mRNA levels of EMT markers via
western blotting and RT-PCR. As anticipated, the presence of 13c
decreased the TGF-bestimulated expression of N-cadherin and
vimentin at both the protein and mRNA levels (Fig. 7B and C).



Fig. 4. Docking conformation of compound 13c in the active site of p38a (PDB: 1A9U). (A) 3D binding model of 13c. (B) Proposed conformation of 13c in the binding pocket of p38a.
Lipophilicity increases from blue (hydrophilic) to brown (lipophilic). The ligand is shown in yellow.

Fig. 5. 13c (J-1090) inhibition of expression and nuclear translocation of Slug in vitro. (A) Western blots to assess protein levels of Slug after treatment with TGF-b (10 ng/mL) in the
presence of 13c or 5 (LY-2157299). (B) Control and TGF-b-stimulated U87MG cells were treated with or without 13c for 48 h. After fixation, cells were incubated with anti-Slug
(1:200) and fluorescence was visualized by Alexa fluor® 488 goat anti-mouse lgG (H þ L). Nuclei were stained with 40 ,6-diamidino-2-phenylindole (DAPI).
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Intriguingly, 13c more strongly suppressed EMT marker suppres-
sion than 5 (Fig. 7B).
2.2.7. 13c inhibits the increased migration and invasion induced by
TGF-b

It has been documented that TGF-b plays a crucial role in pro-
moting cancer cell migration and invasion. To examine the influ-
ence of compound 13c on TGF-beinduced motility of U87MG cells,
we performed wound-healing and Matrigel invasion assays. The
results illustrated that wound closure and cell invasion were
significantly accelerated by TGF-b, whereas 13c completely
inhibited these effects of TGF-b on cell migration and invasion
(Fig. 8A and B).

TGF-b is an important cytokine in embryogenesis and tissue
homeostasis [63]. TGF-b plays a dual and opposite role in tumori-
genesis. TGF-b is known to inhibit cell growth via G1 arrest during
the cell cycle and apoptosis of normal and premalignant cells,
whereas this cytokine can promote tumor progression and
metastasis in advanced cancer. Tumor cells escape the growth
inhibitory effect of TGF-b by selectively damaging the anti-tumor
response [63,64]. In the second case, several pathways triggered
by TGF-b were controlled by cancer cells, transforming TGF-b into
7

an oncogenic gene that induces immunosuppression, angiogenesis,
migration, and invasion. TGF-b has been revealed to promote the
EMT process by regulating the EMT transcription factor Slug. Tar-
geting TGF-b during EMT may provide a potential strategy for
cancer treatment. Recent studies illustrated that TGF-b inhibition
can reverse treatment resistance, enhance the synergy of combi-
nation regiments, and increase sensitivity to radiotherapy in cell
and mouse models [63]. To inhibit TGF-b signal transduction,
several small- and large-molecule compounds have been devel-
oped, but a full understanding of the biology of TGF-b in cancer is
needed to guarantee the development of effective treatments and
prevent adverse side effects.
3. Conclusion

In this report, a series of 4-(1H-indazol-5-yl)-5-(6-
methylpyridin-2- yl)-1H-imidazoles 13aeg and a series of 4-(1-
methyl-1H-indazol-5-yl)-5-(6-methylpyridin-2-yl)-1H-imidazoles
20aeg were synthesized and evaluated for their inhibitor effects on
ALK5 and p38a MAP kinase activities in enzymatic assays. We
discovered that the insertion of 1H-indazol-5-yl and 1-methyl-1H-
indazol-5-yl moieties at the 4-position of the imidazole ring



Fig. 6. Morphology of U87MG cells before and after stimulation with TGF-b, or stimulation in the presence of 13c or 5 (LY-2157299) for 48 h.
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significantly increased ALK5 and p38a inhibitory activities of the
compounds. The most potent compound, 13c, inhibited ALK5 with
an IC50 of 0.004 mM in the enzymatic assay, which was 32.3- and
3.5-fold more potent than positive controls 5 and 2, respectively.
Compound 13c (IC50 ¼ 0.004 mM) also exhibited the greatest
inhibitory activity against p38a MAP kinase, suppressing it activity
by 123.3- and 737.5-fold compared with effects of compounds 5
(IC50 ¼ 0.493 mM) and 2 (IC50 ¼ 2.950 mM), respectively. The mo-
lecular docking results highlighted that groups possessing
hydrogen bond donors at the 4-position in 1-substituted-3-(6-
methylpyridin-2-yl)imidazoles may be important for good ALK5
inhibition. Compound 13c (J-1090) could inhibit TGF-beinduced
invasion and metastasis. This effect appears to be produced by the
promotion of TGF-beinduced activation and EMT progression.
Furthermore, our results suggest that 13c, a novel inhibitor of ALK5,
inhibited EMT, motility, and invasiveness in glioma cells in vitro.
4. Experimental section

4.1. Chemistry

All commercially available reagents were obtained from Aladdin
(Shanghai, China). In general, all reactions were performed under
normal atmosphere and at room temperature unless otherwise
noted. Melting points were measured in open glass capillaries tube
in an electrical melting point (B-540, Büchi) and are uncorrected. 1H
and 13C NMR spectra were recorded on Bruker NMR spectrometers
at 300 MHz and 500 MHz, respectively, tetramethylsilane (TMS)
was used as internal standard. Chemical shifts were signified in
ppm (d) relative to internal TMS in CDCl3, CDCl3/CD3OD, or
DMSO‑d6 and coupling constants (J) are in hertz (Hz). 19F NMR
spectra were recorded on Bruker NMR spectrometers at 470 MHz.
High resolution mass spectra electrospray ionization (HRMS-ESI)
was obtained on a Thermo Scientific LTQ Orbitrap XL spectrometer
8

(Theromo Fisher Scientific, USA). The purity of the tested com-
pounds was determined using an Agilent 1260 series HPLC system
using a C18 column (packing ODS HG 5 mM, 4.6� 250mm), and that
for all the compounds was found to be >96%.
4.1.1. Synthesis of 1H-indazole-5-carbaldehyde (8)
To a solution of 5-bromo-1H-indazole (7, 6.00 g, 30.46 mmol) in

tetrahydrofuran (THF, 120 mL) at �50 �C under nitrogen, a solution
of n-butyllithium (1.6 M in hexane, 48 mL, 76.15 mmol) was added
dropwise, and the mixture was continuously stirred for 2 h. To it,
anhydrous dimethylformamide (DMF, 4.7 mL, 60.92 mmol) was
added and stirred for 30 min. The reaction mixture was quenched
with water, and the mixturewas allowed to room temperature. The
mixture was extracted with ethyl acetate (3 х 120 mL) and the
organic layer was combined. The organic layer was washed with
brine, dried over anhydrous Na2SO4, filtered, and then evaporated
to dryness under reduced pressure. The residue was purified by
column chromatography on silica gel using Petroleum ether and
ethyl acetate (4:1) as eluent to give the titled compound 8 as a solid.

Yellow solid; Yield 58%; 1H NMR (300 MHz, CDCl3) d 10.54 (br s,
1H, NH), 10.07 (s, 1H), 8.32 (s, 1H), 8.27 (s, 1H), 7.99 (d, 1H,
J ¼ 9.0 Hz), 7.62 (d, 1H, J ¼ 9.0 Hz).
4.1.2. Synthesis of 2-(1H-indazol-5-yl)-1-(6-methylpyridin-2-yl)
ethanone (9)

To a stirred solution of compound 8 (5.20 g, 35.58 mmol) in a
mixture of THF (80 mL) and i-PrOH (20 mL), diphenyl (6-
methylpyridin-2-yl)(phenylamino)- methylphosphonate (20.00 g,
46.25 mmol) and Cs2CO3 (15.00 g, 46.25 mmol) were added. The
mixture was stirred at room temperature for 12 h, and to it, 1 N HCl
(150 mL) was added dropwise about 30 min and stirred for addi-
tional 1 h. The reaction mixture was diluted with MTBE (75 mL).
The aqueous layer was separated and neutralized with saturated
NaHCO3 solution at 0 �C. The aqueous layer was extracted with



Fig. 7. 13c (J-1090) reverses EMT in U87MG cells. (A) Vehicle and TGF-b-stimulated U87MG cells were treated with or without 13c for 48 h. After fixation, cells were incubated with
anti-N-cadherin (1:200) and fluorescence was visualized by Alexa fluor® 488 goat anti-mouse lgG (H þ L). Nuclei were stained with 40 ,6-diamidino-2-phenylindole (DAPI). (B)
U87MG cells were treated with TGF-b (10 ng/mL) in the presence of 13c or 5 (LY-2157299) for 48 h. The protein levels of N-cadherin and Vimentin were measured by western blot
analysis. (C) U87MG cells were treated with TGF-b (10 ng/mL) in the presence of 13c or 5 for 48 h. The mRNA levels of N-cadherin and Vimentin were measured by RT-PCR.
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ethyl acetate (3 х 120 mL). The combined organic layer was washed
with brine, dried over anhydrous Na2SO4, filtered, and then evap-
orated to dryness under reduced pressure. The residuewas purified
by column chromatography on silica gel using Petroleum ether and
ethyl acetate (5:1) as eluent to give the titled compound 9 as a solid.

White needle solid; Yield 58%; 1H NMR (300 MHz, DMSO‑d6)
d 13.01 (br s, 1H, NH), 8.00 (s, 1H), 7.89 (t, 1H, J¼ 7.5 Hz), 7.78 (d, 1H,
J ¼ 6.0 Hz), 7.63 (s, 1H), 7.55 (d, 1H, J ¼ 9.0 Hz), 7.47 (d, 1H,
J ¼ 9.0 Hz), 7.27 (d, 1H, J ¼ 9.0 Hz), 4.58 (s, 2H), 2.63 (s, 3H).
4.1.3. Synthesis of diphenyl ((1-methyl-1H-indazol-5-
yl)(phenylamino)methyl)- phosphonate (15)

To a mixture of 1-methyl-1H-indazole-5-carbaldehyde (14,
4.50 g, 28.10 mmol) and aniline (3.08 mL, 33.72 mmol) in i-PrOH
(45 mL), diphenyl phosphite (8.55 mL, 44.72 mmol) was added. The
mixture was stirred at room temperature for 3 h, and then it cooled
to 0 �C and stirred for additional 45 min. The precipitates were
collected by filtration using a Büchner funnel and dried in a vacuum
oven to gain the compound 15 as a solid.
9

Yellow solid; Yield 98%; 1H NMR (300 MHz, CDCl3) d 7.92 (s, 1H),
7.90 (s, 1H), 7.60 (d,1H, J¼ 9.0 Hz), 7.37 (d,1H, J¼ 9.0 Hz), 7.30e7.25
(m, 2H), 7.20e7.08 (m, 8H), 6.88 (d, 2H, J ¼ 9.0 Hz), 6.73 (t, 1H,
J ¼ 7.5 Hz), 6.64 (d, 2H, J ¼ 9.0 Hz), 5.25 (d, 1H, J ¼ 24.0 Hz), 4.93 (br
s, 1H), 4.05 (s, 3H).
4.1.4. Synthesis of 1-(1-methyl-1H-indazol-5-yl)-2-(6-
methylpyridin-2-yl)ethanone (16)

To a stirred solution of 6-methylpyridine-2-carboxaldehyde
(2.6 g, 21.46 mmol) in a mixture of THF (120 mL) and i-PrOH
(30 mL), compound 9 (13.15 g, 28.01 mmol) and Cs2CO3 (9.13 g,
28.01 mmol) were added. The mixture was stirred at room tem-
perature for 24 h, and to it, 1 N HCl (90 mL) was added dropwise
about 20 min and stirred for additional 1 h. The reaction mixture
was diluted with MTBE (45 mL). The aqueous layer was separated
and neutralized with saturated NaHCO3 solution at 0 �C. The
aqueous layer was extracted with ethyl acetate (3 х 50 mL). The
combined organic layer was washed with brine, dried over anhy-
drous Na2SO4, filtered, and then evaporated to dryness under



Fig. 8. 13c (J-1090) decreases migration and invasion induced by TGF-b. (A) Representative images of wound healing assay from U87MG cells in control, TGF-b (10 ng/mL), 13c
(1 mm), and combination treatment (13c 1 mm þ TGF-b 10 ng/mL) for indicated hours. (B) Representative images of matrigel invasion assays from U87MG cells in control, TGF-b
(10 ng/mL), 13c (1 mm), and combination treatment (13c 1 mm þ TGF-b 10 ng/mL) fixed and stained with 0.1% crystal violet.
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reduced pressure. The residue was purified by column chroma-
tography on silica gel using Petroleum ether and ethyl acetate (2:1)
as eluent to give the titled compound 16 as a solid.

Yellow solid; Yield 23%; 1H NMR (300 MHz, CDCl3) (keto form,
71%) d 8.57 (s,1H), 8.13 (d, 2H, J¼ 9.0 Hz), 7.53 (t,1H, J¼ 7.5 Hz), 7.41
(d,1H, J¼ 9.0 Hz), 7.12 (d,1H, J¼ 6.0 Hz), 7.03 (d,1H, J¼ 6.0 Hz), 4.53
(s, 2H), 4.09 (s, 3H), 2.55 (s, 3H); 1H NMR (300 MHz, CDCl3) (enol
form, 29%) d 8.27 (s, 1H), 8.03 (s, 1H), 7.90 (d, 1H, J ¼ 9.0 Hz), 7.0 (t,
1H, J ¼ 7.5 Hz), 7.41 (d, 1H, J ¼ 9.0 Hz), 6.88 (d, 1H, J ¼ 9.0 Hz), 6.76
(d, 1H, J ¼ 6.0 Hz), 6.08 (s, 1H), 4.06 (s, 3H), 2.54 (s, 3H).
4.1.5. General procedure for the preparation of 1-(1H-indazol-5-yl)-
2-(6-methylpyridin-2-yl)ethane-1,2-dione (10) and 1-(1-methyl-
1H-indazol-5-yl)-2-(6-methylpyridin-2-yl)ethane-1,2-dione (17)

To a solution of compound 9 or 16 (19.90 mmol) in DMSO
(60 mL) at room temperature, 40% HBr in water (17 mL,
79.60 mmol) was added dropwise. The mixturewas heated to 70 �C
and stirred for 1.5 h. The reaction mixture was cooled to 0 �C in an
ice bath, and to it, ice-cold water was added. The pH of the solution
was adjusted to 7e8 by adding saturated NaHCO3 solution. The
mixture was extracted methylene dichloride (3 х 60 mL) and the
organic layer was combined. The organic layer was washed with
water and brine, dried over anhydrous MgSO4, filtered, and then
evaporated to dryness under reduced pressure. The residue was
purified by column chromatography on silica gel using Petroleum
ether and ethyl acetate (4:1) as eluent to give the titled compounds
10 or 17 as a solid.
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4.1.5.1. 1-(1H-Indazol-5-yl)-2-(6-methylpyridin-2-yl)ethane-1,2-
dione (10). Pale yellow solid; Yield 44%; 1H NMR (300 MHz,
DMSO‑d6) d 13.61 (s, 1H), 8.31 (d, 2H, J¼ 9.0 Hz), 8.06e8.01 (m, 2H),
7.91 (d, 1H, J ¼ 9.0 Hz), 7.71 (d, 1H, J ¼ 9.0 Hz), 7.63 (dd, 1H, J ¼ 6.0,
3.0 Hz), 2.39 (s, 3H).

4.1.5.2. 1-(1-Methyl-1H-indazol-5-yl)-2-(6-methylpyridin-2-yl)
ethane-1,2-dione (17). White solid; Yield 92%; 1H NMR (300 MHz,
DMSO‑d6) d 8.21 (s, 1H), 8.03 (d, 2H, J ¼ 6.0 Hz), 7.98 (t, 1H,
J¼ 9.0 Hz), 7.77 (t, 1H, J¼ 9.0 Hz), 7.47 (d,1H, J¼ 9.0 Hz), 7.34 (d,1H,
J ¼ 9.0 Hz), 4.06 (s, 3H), 2.42 (s, 3H).

4.1.6. General procedure for the preparation of 5-(2-
(dimethoxymethyl)-5-(6-methylpyridin-2-yl)-1H-imidazole-4-yl)-
1H-indazole (11) and 5-(2-(dimethoxymethyl)-5-(6-methylpyridin-
2-yl)-1H-imidazole-4-yl)-1-methyl- 1H-indazole (18)

To a solution of compound 11 or 17 (9.05 mmol) in MeOH
(48 mL) at room temperature, NH4OAc (89.48 mmol), 60% 2,2-
dimethoxyacetaldehyde in H2O (2.33 mL, 13.30 mmol) and tert-
butyl methyl ether (48 mL) were added. The reaction mixture was
heated to 50 �C and stirred for 2 h. The mixture was cooled to
room temperature, and then the solvent was removed by reduced
pressure. The residue was cooled to 0 �C and neutralized with
saturated NaHCO3 solution. The mixture was extracted with ethyl
acetate (2 х 30 mL) and the combined extracts were washed with
water and brine, dried over anhydrous Na2SO4, filtered, and then
evaporated to dryness under reduced pressure. The residue was
purified by column chromatography on silica gel using methylene
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chloride and methanol as eluent to give the titled compounds 11
or 18 as a solid.

4.1.6.1. 5-(2-(Dimethoxymethyl)-5-(6-methylpyridin-2-yl)-1H-imid-
azole-4-yl)-1H- indazole (11). Pale yellow solid; Yield 64%; 1H NMR
(300MHz, DMSO‑d6) d 13.08 (s,1H, NH),12.48 (s,1H, NH), 8.08 (br s,
2H), 7.60 (br s, 2H), 7.49 (d, 1H, J ¼ 9.0 Hz), 7.06 (br s, 1H), 5.49 (s,
1H), 3.38 (s, 6H), 2.30 (s, 3H).

4.1.6.2. 5-(2-(Dimethoxymethyl)-5-(6-methylpyridin-2-yl)-1H-imid-
azole-4-yl)-1- methyl-1H-indazole (18). Pale yellow solid; Yield
54%; 1H NMR (300 MHz, CDCl3) d 10.86 (br s, 1H, NH), 7.99 (d, 2H,
J¼ 9.0 Hz), 7.66 (d,1H, J¼ 9.0 Hz), 7.41 (d,1H, J¼ 9.0 Hz), 7.35 (t, 1H,
J ¼ 7.5 Hz), 7.22 (d, 1H, J ¼ 9.0 Hz), 6.95 (d, 1H, J ¼ 6.0 Hz), 5.58 (s,
1H), 4.10 (s, 3H), 3.45 (s, 6H), 2.53 (s, 3H).

4.1.7. General procedure for the preparation of 4-(1H-indazol-5-yl)-
5-(6-methylpyridin-2-yl)-1H-imidazole-2-carbaldehyde (12) and 4-
(1-methyl-1H-indazol-5-yl)-5-(6-methylpyridin-2-yl)-1H-
imidazole-2-carbaldehyde (19)

Compound 11 or 18 (5.74 mmol) was dissolved in 1 N HCl
(18 mL), and the solution was heated at 70 �C for 4 h. The reaction
mixture was allowed to cool to 0 �C, and then it was neutralized
with saturated NaHCO3 solution. The yellow precipitates were
collected through a Büchner funnel, and the filtered cake was
washed with water (2 х 20 mL). The solid was dried in a vacuum
oven to give the titled compounds 12 or 19 as a solid.

4.1.7.1. 4-(1H-Indazol-5-yl)-5-(6-methylpyridin-2-yl)-1H-imidazole-
2-carbaldehyde (12). Pale yellow solid; Yield 96%; 1H NMR
(300 MHz, DMSO‑d6) d 13.17 (s, 1H, NH), 9.73 (s, 1H), 8.13 (s, 2H),
7.70 (t, 1H, J¼ 7.5 Hz), 7.61 (d, 1H, J¼ 9.0 Hz), 7.55 (t, 2H, J¼ 9.0 Hz),
7.18 (d, 1H, J ¼ 6.0 Hz), 2.37 (s, 3H).

4.1.7.2. 4-(1-Methyl-1H-indazol-5-yl)-5-(6-methylpyridin-2-yl)-1H-
imidazole-2- carbaldehyde (19). Pale yellow solid; Yield 93%; 1H
NMR (300MHz, CDCl3þDMSO‑d6) d 9.81 (s,1H), 8.01 (s, 2H), 7.65 (d,
1H, J¼ 9.0 Hz), 7.48 (d,1H, J¼ 9.0 Hz), 7.41 (t, 1H, J¼ 7.5 Hz), 7.25 (d,
1H, J ¼ 6.0 Hz), 7.07 (d, 1H, J ¼ 9.0 Hz), 4.31 (s, 3H), 2.58 (s, 3H).

4.1.8. General procedure for the preparation of 2-substituted-4-
(1H-indazol-5-yl)-5-(6-methylpyridin-2-yl)-1H-imidazoles 13aeg
or 2-substituted-4-(1-methyl-1H-indazol-5-yl)-5-(6-
methylpyridin-2-yl)-1H-imidazoles 20aeg

To a stirred solution of 12 or 19 (0.33 mmol) in tetrahydrofuran
(THF, 8 mL), were added appropriate substituted anilines
(0.50 mmol) and acetic acid (AcOH, 0.33 mmol), and the reaction
mixture was heated at 75 �C for 2 h under nitrogen atmosphere.
The reaction mixture was cooled to 0 �C, and methanol (3 mL) was
added. To it, NaBH4 (0.06 g, 1.32 mmol) was added portionwise, and
then the reaction mixture was allowed to room temperature and
stirred for an additional 3 h. The pH of the reaction mixture was
adjusted to 7e8 at 0 �Cwith 1 N HCl, and then the organic layer was
separated. The aqueous layer was extracted with methylene chlo-
ride (3 х 20 mL). The combined organic layers was washed with
water and brine, dried over anhydrous Na2SO4, filtered, and evap-
orated to dryness under reduced pressure. The residuewas purified
by column chromatography on silica gel using methylene chloride
and methanol as eluent to give the titled compounds 13aeg and
20aeg as solids.

4.1.8.1. N-((4-(1H-indazol-5-yl)-5-(6-methylpyridin-2-yl)-1H-imid-
azole-2- yl)methyl)aniline (13a). Yellow solid; Yield 67%; mp
216e218 �C; purity by HPLC: 98.87% (DW: acetonitrile ¼ 70:30); 1H
NMR (300 MHz, CDCl3þDMSO‑d6) d 7.99 (s, 1H), 7.91 (s, 1H), 7.51 (d,
11
2H, J¼ 6.0 Hz), 7.30 (t, 1H, J¼ 9.0 Hz), 7.18 (d, 2H, J¼ 9.0 Hz), 7.12 (t,
1H, J ¼ 7.5 Hz), 6.91 (d, 1H, J ¼ 6.0 Hz), 6.71 (d, 2H, J ¼ 6.0 Hz), 4.47
(s, 2H), 2.13 (s, 3H); 13C NMR (125 MHz, CDCl3þCD3OD) d 157.91,
148.99, 147.60, 146.99, 139.76, 138.47, 136.87, 134.32, 129.26 (2C),
128.19, 127.05, 126.84, 123.18, 121.33, 121.01, 118.30, 118.19, 113.26
(2C), 110.24, 41.91, 23.95; HRMS-ESI (m/z): [MþH]þ calcd for
C23H21N6 381.18222, found 381.18253.

4.1.8.2. N-((4-(1H-indazol-5-yl)-5-(6-methylpyridin-2-yl)-1H-imid-
azole-2- yl)methyl)-2-fluoroaniline (13b). White solid; Yield 32%;
mp 218e220 �C; purity by HPLC: 99.87% (DW:
acetonitrile ¼ 70:30); 1H NMR (300 MHz, CDCl3þCD3OD) d 8.00 (s,
1H), 7.92 (s, 1H), 7.54 (d, 1H, J ¼ 9.0 Hz), 7.48 (d, 1H, J ¼ 9.0 Hz), 7.31
(t, 1H, J ¼ 7.5 Hz), 7.12 (d, 1H, J ¼ 6.0 Hz), 6.99e6.90 (m, 3H), 6.77 (t,
1H, J ¼ 9.0 Hz), 6.68e6.61 (m, 1H), 4.52 (s, 2H), 2.48 (s, 3H); 13C
NMR (125 MHz, CDCl3þCD3OD) d 158.00, 151.82 (d, J ¼ 237.50 Hz),
150.87, 149.55, 146.72, 139.83, 136.97, 136.04 (d, J ¼ 11.25 Hz),
134.36, 128.32, 127.07, 124.78, 124.76, 123.25, 121.42, 121.06, 118.40,
117.86 (d, J ¼ 6.25 Hz), 114.59 (d, J ¼ 17.5 Hz), 112.76 (d, J ¼ 2.5 Hz),
110.32, 41.63, 24.02; 19F NMR (470 MHz, CDCl3þCD3OD) �135.70;
HRMS-ESI (m/z): [MþH]þ calcd for C23H20FN6 399.17280, found
399.17273.

4.1.8.3. N-((4-(1H-indazol-5-yl)-5-(6-methylpyridin-2-yl)-1H-imid-
azole-2- fyl)methyl)-3-fluoroaniline (13c). White solid; Yield 40%;
mp 229e230 �C; purity by HPLC: 99.65% (DW:
acetonitrile ¼ 70:30); 1H NMR (300 MHz, CDCl3þCD3OD) d 7.92 (s,
1H), 7.82 (s, 1H), 7.44 (s, 2H), 7.03 (t, 2H, J ¼ 7.5 Hz), 6.88 (d, 1H,
J ¼ 6.0 Hz), 6.43e6.31 (m, 4H), 4.37 (s, 2H), 3.53 (s, 3H); 13C NMR
(125 MHz, CDCl3þCD3OD) d 164.02 (d, J¼ 241.25 Hz), 157.91, 149.52
(d, J ¼ 11.25 Hz), 149.09, 146.47, 139.75, 138.77, 136.91, 134.32,
130.38, 130.30, 128.21, 127.01, 123.20, 121.35, 121.00, 118.29, 110.24,
108.95,104.49 (d, J¼ 21.25 Hz), 99.94 (d, J¼ 25.00 Hz), 41.69, 23.96;
19F NMR (470 MHz, CD3OD) �115.31; HRMS-ESI (m/z): [MþH]þ

calcd for C23H20FN6 399.17280, found 399.17264.

4.1.8.4. N-((4-(1H-indazol-5-yl)-5-(6-methylpyridin-2-yl)-1H-imid-
azole-2- yl)methyl)-4-fluoroaniline (13d). White solid; Yield 38%;
mp 217e218 �C; purity by HPLC: 99.75% (DW: acetonitrile¼ 70:30);
1H NMR (300 MHz, CDCl3þ CD3OD) d 7.92 (s, 1H), 7.82 (s, 1H), 7.44
(s, 2H), 7.27 (t, 1H, J ¼ 9.0 Hz), 7.04 (d, 1H, J ¼ 9.0 Hz), 6.88 (d, 1H,
J ¼ 6.0 Hz), 6.79 (t, 2H, J ¼ 7.5 Hz), 6.61e6.57 (m, 2H), 4.35 (s, 2H),
2.43 (s, 3H); 13C NMR (125 MHz, CDCl3þCD3OD) d 157.92, 156.32 (d,
J¼ 233.75 Hz), 153.75, 149.09, 146.81, 143.96, 139.77, 136.90, 134.32,
128.23, 127.10, 123.18, 121.32, 118.22, 115. (d, 2C, J ¼ 22.5 Hz), 114.27
(d, 2C, J ¼ 7.5 Hz), 110.25, 42.57, 23.98; 19F NMR (470 MHz,
CDCl3þCD3OD) �127.12; HRMS-ESI (m/z): [MþH]þ calcd for
C23H20FN6 399.17280, found 399.17258.

4.1.8.5. N-((4-(1H-indazol-5-yl)-5-(6-methylpyridin-2-yl)-1H-imid-
azole-2- yl)methyl)-2-methylaniline (13e). Yellow solid; Yield 66%;
mp 180e181 �C; purity by HPLC: 96.93% (DW:
acetonitrile ¼ 70:30); 1H NMR (300 MHz, CDCl3) d 8.02 (s, 1H), 7.96
(s, 1H), 7.55 (d, 1H, J ¼ 6.0 Hz), 7.36e7.28 (m, 2H), 7.20 (d, 1H,
J¼ 6.0 Hz), 7.10e7.04 (m, 2H), 6.91 (d, 1H, J¼ 6.0 Hz), 6.72e6.66 (m,
2H), 4.55 (s, 2H), 2.46 (s, 3H), 2.13 (s, 3H); 13C NMR (125 MHz,
CDCl3þCD3OD) d 158.01, 149.21, 147.14, 145.66, 139.85,
138.96 136.96, 134.46, 130.31, 128.34, 127.28, 127.21, 123.33, 122.97,
121.39, 121.11, 118.33, 118.14, 110.39, 110.32, 42.15, 24.10, 17.45;
HRMS-ESI (m/z): [MþH]þ calcd for C23H23N6 395.19787, found
395.19778.

4.1.8.6. N-((4-(1H-indazol-5-yl)-5-(6-methylpyridin-2-yl)-1H-imid-
azole-2- yl)methyl)-3-methylaniline (13f). Pale yellow solid; Yield
56%; mp 188e190 �C; purity by HPLC: 98.66% (DW:
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acetonitrile ¼ 70:30); 1H NMR (300 MHz, CDCl3) d 8.01 (s, 1H), 7.93
(s, 1H), 7.56 (d, 1H, J ¼ 9.0 Hz), 7.49 (d, 1H, J ¼ 9.0 Hz), 7.31 (t, 1H,
J¼ 7.5 Hz), 7.13 (d, 1H, J¼ 9.0 Hz), 7.06 (t, 1H, J¼ 7.5 Hz), 6.92 (d, 1H,
J ¼ 9.0 Hz), 6.55 (t, 3H, J ¼ 9.0 Hz), 4.48 (s, 2H), 2.50 (s, 3H), 2.25 (s,
3H); 13C NMR (125 MHz, CDCl3þCD3OD) d 157.94, 149.01, 147.66,
146.99, 139.75, 139.18, 136.84, 134.59, 134.47, 129.21, 128.30, 123.26,
121.24, 121.05, 119.39, 118.01, 114.16, 110.41, 110.19, 42.18, 24.08,
21.51; HRMS-ESI (m/z): [MþH]þ calcd for C23H23N6 395.19787,
found 395.19806.

4.1.8.7. N-((4-(1H-indazol-5-yl)-5-(6-methylpyridin-2-yl)-1H-imid-
azole-2- yl)methyl)-4-methylaniline (13 g). Pale yellow solid; Yield
60%; mp 184e185 �C; purity by HPLC: 99.73% (DW:
acetonitrile ¼ 70:30); 1H NMR (300 MHz, CDCl3) d 8.04 (s, 1H), 7.96
(s, 1H), 7.58 (dd, 1H, J ¼ 9.0, 3.0 Hz), 7.50 (d, 1H, J ¼ 9.0 Hz), 7.33 (t,
1H, J ¼ 7.5 Hz), 7.16 (d, 1H, J ¼ 9.0 Hz), 7.02 (d, 2H, J ¼ 9.0 Hz), 6.94
(d, 1H, J ¼ 9.0 Hz), 6.68 (d, 2H, J ¼ 9.0 Hz), 4.49 (s, 2H), 2.52 (s, 3H),
2.23 (s, 3H); 13C NMR (125 MHz, CDCl3þCD3OD) d 158.03, 149.06,
147.15, 145.38, 139.82, 136.92, 134.59, 129.92 (2C), 128.39, 127.87,
127.31,123.36,121.33,121.16,118.07,113.64 (2C),110.27, 42.61, 24.18,
14.13; HRMS-ESI (m/z): [MþH]þ calcd for C23H23N6 395.19787,
found 395.19769.

4.1.8.8. N-((4-(1-methyl-1H-indazol-5-yl)-5-(6-methylpyridin-2-yl)-
1H-imidazole-2- yl)methyl)aniline (20a). Pale yellow solid; Yield
60%; mp 152e153 �C; purity by HPLC: 99.90% (DW:
acetonitrile ¼ 70:30); 1H NMR (300 MHz, CDCl3) d 7.97 (s, 2H), 7.65
(d, 1H, J¼ 9.0 Hz), 7.42 (d, 1H, J¼ 9.0 Hz), 7.33 (t, 1H, J¼ 7.5 Hz), 7.19
(t, 3H, J¼ 7.5 Hz), 6.92 (d,1H, J¼ 9.0 Hz), 6.77 (t, 1H, J¼ 7.5 Hz), 6.70
(d, 2H, J ¼ 9.0 Hz), 4.50 (s, 2H), 4.10 (s, 3H), 2.48 (s, 3H); 13C NMR
(125 MHz, CDCl3) d 158.12, 148.89, 147.65, 146.43, 139.58, 136.62,
133.15, 129.41 (2C), 127.90, 127.50, 124.34, 121.30, 121.01, 118.57,
117.30, 113.38 (2C), 109.01, 42.80, 35.65, 24.35; HRMS-ESI (m/z):
[MþH]þ calcd for C24H23N6 395.19787, found 395.19794.

4.1.8.9. 2-Fluoro-N-((4-(1-Methyl-1H-Indazol-5-yl)-5-(6-
methylpyridin-2-yl)-1H- imidazole-2- yl)methyl)aniline (20b).
Pale yellow solid; Yield 35%; mp 148e150 �C; purity by HPLC:
99.78% (DW: acetonitrile¼ 70:30); 1H NMR (300MHz, CDCl3) d 7.99
(s, 1H), 7.97 (s, 1H), 7.67 (d, 1H, J ¼ 9.0 Hz), 7.41 (d, 1H, J ¼ 6.0 Hz),
7.34 (t, 1H, J ¼ 7.5 Hz), 7.21 (d, 1H, J ¼ 9.0 Hz), 6.99e6.88 (m, 3H),
6.75 (t, 1H, J¼ 7.5 Hz), 6.71e6.64 (m,1H), 4.59 (br s, 1H, NH), 4.51 (s,
2H), 4.10 (s, 3H), 2.40 (s, 3H); 13C NMR (125 MHz, CDCl3) d 158.12,
151.72 (d, J ¼ 238.75 Hz), 148.94, 146.13, 139.57, 136.64, 136.05 (d,
J ¼ 12.5 Hz), 133.15, 127.85, 127.46, 124.80, 124.77, 124.34, 121.24,
121.05, 117.99, 117.94, 117.50, 114.58 (d, J ¼ 18.75 Hz), 112.80, 109.00,
42.43, 35.64, 24.15; 19F NMR (470 MHz, CDCl3þCD3OD) �135.58;
HRMS-ESI (m/z): [MþH]þ calcd for C24H22FN6 413.18845, found
413.18887.

4.1.8.10. 3-Fluoro-N-((4-(1-Methyl-1H-Indazol-5-yl)-5-(6-
methylpyridin-2-yl)-1H- imidazole-2- yl)methyl)aniline (20c).
Pale yellow solid; Yield 40%; mp 145e146 �C; purity by HPLC:
99.24% (DW: acetonitrile¼ 70:30); 1H NMR (300MHz, CDCl3) d 7.96
(s, 2H), 7.65 (d, 1H, J ¼ 6.0 Hz), 7.40 (d, 1H, J ¼ 9.0 Hz), 7.35 (t, 1H,
J¼ 9.0 Hz), 7.21 (d,1H, J¼ 9.0 Hz), 7.06 (dd,1H, J¼ 15.0, 6.0 Hz), 6.92
(d, 1H, J ¼ 6.0 Hz), 6.43e6.34 (m, 2H), 6.30e6.25 (m, 1H), 4.60 (br s,
1H, NH), 4.37 (s, 2H), 4.09 (s, 3H), 2.43 (s, 3H); 13C NMR (125 MHz,
CDCl3) d 163.99 (d, J ¼ 241.25 Hz), 158.11, 149.34 (d, J ¼ 10.0 Hz),
149.02, 145.86, 139.57, 136.77, 135.22, 133.14, 130.46, 130.38, 127.81,
127.24, 125.06, 124.32, 121.21 (d, J ¼ 12.5 Hz), 117.60, 109.07, 108.96,
104.77 (d, J ¼ 21.25 Hz), 100.05 (d, J ¼ 25.0 Hz), 42.32, 35.63, 24.18;
19F NMR (470 MHz, CDCl3þCD3OD) �112.37; HRMS-ESI (m/z):
[MþH]þ calcd for C24H22FN6 413.18845, found 413.18863.
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4.1.8.11. 4-Fluoro-N-((4-(1-Methyl-1H-Indazol-5-yl)-5-(6-
methylpyridin-2-yl)-1H- imidazole-2- yl)methyl)aniline (20d).
Pale yellow solid; Yield 38%; mp 147e148 �C; purity by HPLC:
99.48% (DW: acetonitrile¼ 70:30); 1H NMR (300MHz, CDCl3) d 7.98
(s, 2H), 7.65 (d, 1H, J ¼ 9.0 Hz), 7.41 (d, 1H, J ¼ 6.0 Hz), 7.37 (t, 1H,
J ¼ 9.0 Hz), 7.22 (d, 1H, J ¼ 6.0 Hz), 6.94 (d, 1H, J ¼ 6.0 Hz), 6.85 (t,
2H, J ¼ 9.0 Hz), 6.58e6.54 (m, 2H), 4.40 (s, 2H), 4.11 (s, 3H), 2.45 (s,
3H); 13C NMR (125 MHz, CDCl3) d 158.12, 156.39 (d, J ¼ 235.00 Hz),
148.97, 146.28, 143.91, 139.57, 136.70, 135.23, 133.13, 127.83, 127.34,
125.05, 124.33, 121.26, 121.09, 117.44, 115.80 (d, 2C, J ¼ 21.25 Hz),
114.24 (d, 2C, J ¼ 6.25 Hz), 109.04, 43.24, 35.64, 24.27; 19F NMR
(470MHz, CDCl3þCD3OD)�126.70; HRMS-ESI (m/z): [MþH]þ calcd
for C24H22FN6 413.18845, found 413.18872.

4.1.8.12. 2-Methyl-N-((4-(1-Methyl-1H-Indazol-5-yl)-5-(6-
methylpyridin-2-yl)-1H- imidazole-2- yl)methyl)aniline (20e).
Pale yellow solid; Yield 61%; mp 150e152 �C; purity by HPLC:
97.27% (DW: acetonitrile ¼ 70:30); 1H NMR (300 MHz,
CDCl3þCD3OD) d 7.98 (s, 2H), 7.65 (d, 1H, J ¼ 9.0 Hz), 7.40 (d, 1H,
J¼ 6.0 Hz), 7.33 (t, 1H, J¼ 7.5 Hz), 7.20 (d, 1H, J¼ 9.0 Hz), 7.12 (d, 1H,
J ¼ 9.0 Hz), 7.07 (d, 1H, J ¼ 6.0 Hz), 6.91 (d, 1H, J ¼ 6.0 Hz), 6.72 (d,
1H, J¼ 6.0 Hz), 6.68 (d, 1H, J¼ 6.0 Hz), 4.53 (s, 2H), 4.10 (s, 3H), 2.46
(s, 3H), 2.18 (s, 3H); 13C NMR (125 MHz, CDCl3) d 158.11, 148.99,
146.56, 145.69, 139.57, 136.61, 133.15, 132.48, 130.90, 130.27, 128.82,
127.90, 127.35, 124.33, 122.74, 121.27, 121.01, 118.22, 117.41, 110.52,
108.98, 42.80, 35.64, 24.32, 17.53; HRMS-ESI (m/z): [MþH]þ calcd
for C25H25N6 409.21352, found 409.21329.

4.1.8.13. 3-Methyl-N-((4-(1-Methyl-1H-Indazol-5-yl)-5-(6-
methylpyridin-2-yl)-1H- imidazole-2- yl)methyl)aniline (20f).
Pale yellow solid; Yield 58%; mp 150e151 �C; purity by HPLC:
97.92% (DW: acetonitrile¼ 70:30); 1H NMR (300MHz, CDCl3) d 7.96
(s, 2H), 7.65 (d, 1H, J ¼ 9.0 Hz), 7.40 (d, 1H, J ¼ 9.0 Hz), 7.33 (t, 1H,
J¼ 7.5 Hz), 7.20 (d,1H, J¼ 9.0 Hz), 7.05 (t, 1H, J¼ 9.0 Hz), 6.91 (d,1H,
J ¼ 9.0 Hz), 6.58 (d, 1H, J ¼ 9.0 Hz), 6.46 (d, 2H, J ¼ 6.0 Hz), 4.45 (s,
2H), 4.09 (s, 3H), 2.45 (s, 3H), 2.24 (s, 3H); 13C NMR (125 MHz,
CDCl3) d 158.10, 148.99, 147.71,146.68, 139.56, 139.18, 136.62, 133.14,
129.26, 127.90, 127.53, 124.33, 124.09, 121.26, 120.99, 119.44, 117.44,
114.19, 110.39, 109.00, 42.73, 35.63, 24.27, 21.61; HRMS-ESI (m/z):
[MþH]þ calcd for C25H25N6 409.21352, found 409.21371.

4.1.8.14. 4-Methyl-N-((4-(1-Methyl-1H-Indazol-5-yl)-5-(6-
methylpyridin-2-yl)-1H- imidazole-2- yl)methyl)aniline (20 g).
Pale yellow solid; Yield 60%; mp 155e156 �C; purity by HPLC:
99.54% (DW: acetonitrile¼ 70:30); 1H NMR (300MHz, CDCl3) d 7.96
(s, 2H), 7.64 (d, 1H, J ¼ 9.0 Hz), 7.39 (d, 1H, J ¼ 9.0 Hz), 7.33 (t, 1H,
J ¼ 7.5 Hz), 7.19 (d, 1H, J ¼ 9.0 Hz), 6.98 (d, 2H, J ¼ 9.0 Hz), 6.91 (d,
1H, J¼ 9.0 Hz), 6.57 (d, 2H, J¼ 9.0 Hz), 4.42 (s, 2H), 4.09 (s, 3H), 2.45
(s, 3H), 2.22 (s, 3H); 13C NMR (125 MHz, CDCl3) d 158.08, 149.14,
146.83, 145.36, 139.55, 136.63, 133.23, 133.13, 130.04, 129.84 (2C),
127.91, 127.71, 127.35, 124.30, 121.27, 121.00, 117.51, 113.51 (2C),
108.99, 42.98, 35.62, 24.25, 20.41; HRMS-ESI (m/z): [MþH]þ calcd
for C25H25N6 409.21352, found 409.21332.

4.2. Biology

4.2.1. Kinase assay [21]
All kinase experiments were completed by the ProQinase

(Germany). All protein kinases were expressed in Sf9 insect cells or
in E. coli as recombinant GST-fusion proteins or His-tagged proteins,
either as full-length or enzymatically active fragments. A radio-
metric protein kinase assay (33PanQinase® activity assay) was used
for measuring the kinase activity of the two protein kinases. All
kinase assays were performed in 96-well FlashPlates™ from Per-
kinElmer (Boston, MA, USA) in 50 mL reaction volumes. The
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reaction cocktail was pipetted in four steps in the following order:
20 mL of assay buffer (standard buffer), 5 mL of ATP solution (in
H2O), 5 mL of test compound (in 10% DMSO), 20 mL enzyme/sub-
strate mix. The assay for all protein kinases contained 70 mM
HEPES-NaOH pH 7.5, 3 mM MgCl2, 3 mM MnCl2, 3 mM Na-
orthovanadate, 1.2 mM DTT, 50 mg/mL PEG20000, ATP, [g-33P]-
ATP, protein kinase, and substrate. The reaction cocktail was incu-
bated at 30 �C for 60 min. The reactionwas halted with 50 mL of 2%
(v/v) H3PO4, plates were aspirated and washed two times with
200 mL 0.9% (w/v) NaCl. Incorporation of 33Pi was established with
a microplate scintillation counter (Microbeta, Wallac). All assays
were performed with a BeckmanCoulter/SAGIAN™ Core System.

4.2.2. Docking study
All molecular computation studies were carried out using Dis-

covery Studio 2017.
(Accelrys, San Diego, USA). The X-ray crystal structures of ALK5

complexed with.
5,6-dihydro-4H-pyrrolo[1,2-b]pyrazole inhibitor and p38a

complexed with SB203580 were obtained from protein data bank,
respectively. (PDB ID: 1RW8 and 1A9U). The water molecules in
protein were removed and the protein was prepared by adding
hydrogen and correcting incomplete residues using Clean Protein
tool of DS, then the protein was refined with CHARMm. The
structures of ligands (13c and 20 g) were sketched in 2D and con-
verted into 3D using the DS molecule editor. Automated docking
studies were carried out to investigate the binding mode of ligands
in the crystal structure utilizing Libdock protocol.

4.2.3. Cell culture and reagents
U87MG cells were purchased from American Type Culture

Collection (Manassas, VA, USA). The cells were maintained at 37 �C
under 5% CO2 in DMEM supplemented with 10% heat-inactivated
fetal bovine serum (FBS, Hyclone, Logan, UT, USA) and penicillin
(100 units/mL)-streptomycin (100 mg/mL) (Invitrogen, Carlsbad, CA,
USA). Transforming growth factor-b (TGF-b) was bought from R&D
Systems. Temozolomide (TMZ) was purchased from Meilunbio
(Dalian, CHN).

4.2.4. Immunoblot analysis
U87MG cells were seeded in each of 35-mm dishes. After 12-h

incubation, cells were either untreated or treated with 10 ng/mL
TGF-b in the presence of 5 or 13c, and then harvested at 48 h.
Protein lysates were prepared in ice-cold lysis buffer (50 mM Tris-
HCl, pH 7.5, 1% Nonidet P-40, 1 mM EDTA, 150 mM NaCl, 1 mM
phenylmethylsulfonyl fluoride) with the protease inhibitor cocktail
(BD Biosciences, San Diego, CA, USA) added. Equal amounts of
protein lysates were separated by SDS-polyacrylamide gel and
transferred to a polyvinylidene difluoride membrane (Millipore,
Bedford, MA, USA). The membrane was blocked with 5% skim milk
and subsequently incubated overnight at 4 �C with primary anti-
bodies against Slug (Santa Cruz; Dallas, TX, USA), N-cadherin (Cell
Signaling Technology, Beverly, MA, USA), Vimentin (Cell Signaling
Technology) and a-tubulin (Sigma-Aldrich; St. Louis, MO, USA).
After binding of an indicated secondary antibody conjugated with
horseradish peroxidase, proteins were visualized by enhanced
chemiluminescence (Amersham Pharmacia Biotec, Buck-
inghamshire, UK).

4.2.5. Immunofluorescence assay
U87MG cells (1 � 104 cells/well) were seeded into 24-well

plates. Cells were incubated to adhere at 37 �C overnight and
treated with or without TGF-b (10 ng/mL) in the presence or
absence of 13c (1 mM) for 48 h. Cells untreated or treated with TGF-
b were used as negative and positive controls respectively.
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Afterward, cells were rinsed in PBS and fixed in fresh 4% para-
formaldehyde at room temperature for 30 min, followed by 0.2%
Triton X-100 for permeabilization. Cells were blocked with 5% BSA
in PBS for 30 min and incubated overnight with the primary anti-
bodies at 4 �C. After washed three times in PBS, cells were further
incubated with the secondary antibodies for 30 min at room tem-
perature and then counterstained with DAPI for 30 min to label
nuclei. Images were acquired by confocal laser-scanning micro-
scope (Nikon, Japan) and merged using NIS-Elements software
(Nikon) to produce cyan fluorescence in areas of co-localization.

4.2.6. Cell migration and invasion assays
Cell migration was determined by using a wound healing assay.

U87MG cells were reseeded onto 24-well plate (1 � 105 cells/well),
each well was incubated with 1 mL DMEMmedium containing 10%
FBS. When cells reached approximately 80% confluence, the
monolayer cells were scratched with a pipette tip in a straight line
and subsequently washed with PBS. Wounded cells were imme-
diately placed in 0.1% FBS-containing medium supplemented with
TGF-b (10 ng/mL) in the presence or absence of 13c (1 mM). Images
of wells were obtained at 0, 15, and 36 h under a bright field
microscope.

The invasion behavior of cells wasmeasured using the Transwell
Matrigel assay (Corning, USA, pore size 8 mM). Cells were seeded
into 6-well plates. After treated with or without TGF-b (10 ng/mL)
in the presence or absence of 13c (1 mM), cells were trypsinized,
counted, and plated (2 � 104 cells/well) into the upper chambers in
serum-free medium. Media containing 20% FBS was added to the
lower chamber as a chemoattractant. After incubation for 24 h,
non-migrating cells were removed with a cotton swab. Invaded
cells were fixed with 4% paraformaldehyde after 24 h and stained
with 0.1% crystal violet. Images were captured with a light micro-
scope at � 200 magnification.

4.2.7. RT-PCR analysis
Total RNA from U87MG cells were obtained using RNA Mini kit

(Qiagen, Valencia, CA, USA). Reverse transcription-PCR was per-
formed with RT-PCR kit (Invitrogen) according to the manufacturer’s
instructions. The primers are as follows: 50-TGCGGTA-
CAGTGTAACTGGG-30 (sense) and 50-GAAACCGGGCTATCTGCTC G-30

(antisense) for N-cadherin; 50-GAAGAGAACTTTGCCGTTGAAG-30

(sense) and 50-GAGAAATCCTGCTCTCCTCG-30 (antisense) for Vimen-
tin; 50-ACCACAG TCCATGCCATCAC-30(sense) and 50-TCCAC-
CACCCTGTTGCTGTA-30 (antisense) for GAPDH.

4.2.8. Statistical analysis
All experiments were independently performed three times.

Data are presented as means ± S.D. of three experiments. Analysis
was performed using a Student’s t-test or One-way analysis of
variance (ANOVA). A P value of less than 0.05 was considered sta-
tistically significant in all cases.
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