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A B S T R A C T   

Glycogen synthase kinase-3β (GSK-3β) appears to be ordinarily expressed, and functionally redundant in Wnt/ 
β-catenin signaling. The Wnt proteins induce transduction of a cytoplasmic protein, Dishevelled (Dvl) which 
negatively modulates GSK-3β activity. CXXC5 is a negative modulator of the Wnt/β-catenin signaling through the 
interaction with Dvl in the cytosol. This indicates that Wnt/β-catenin signaling could be efficiently modulated by 
controlling GSK-3β and the CXXC5-Dvl interaction. In this study, we designed a series of indirubin-3′-oxime and 
indirubin-3′-alkoxime derivatives containing various functional groups at the 5- or 6-position (R1) alongside 
alkyl or benzylic moieties at the 3′-oxime position (R2). These activate Wnt signaling through inhibitions of both 
GSK-3β and the CXXC5-Dvl protein–protein interaction, in addition, the improvement of pharmacological 
properties. The potent activity profiles of the synthesized compounds suggested that dual inhibition of GSK-3β 
and the CXXC5-Dvl interaction could be an appropriate approach towards safely and efficiently activating 
Wnt signaling. Thus, dual-targeting inhibitors are potentially better candidates for efficient activation of Wnt -
signaling compared to GSK-3β inhibitors.   

1. Introduction 

Glycogen synthase kinase-3β (GSK-3β) ubiquitously acts as a multi-
functional protein kinase through phosphorylation of Ser/Thr residues 
of substrates [1]. GSK-3β regulates various functions in the cell, 
including cell proliferation, cell survival, gene expression, cellular ar-
chitecture, neural development and plasticity etc. [2]. GSK-3β appears 
to be ordinarily expressed, and functionally redundant in some signaling 
pathways, including Wnt/β-catenin signalling [3]. There are two Wnt 
signaling pathways: the β-catenin dependent pathway is referred to as 
the canonical Wnt signaling pathway, whereas the β-catenin indepen-
dent pathway is the noncanonical Wnt signaling pathway [4]. In ca-
nonical Wnt signaling, GSK-3β-mediated phosphorylation leads to 
destabilized β-catenin which is identified as a GSK-3β substrate [5]. In 
the absence of the Wnt signal, GSK-3β leads to stabilization of the multi- 
protein complex and phosphorylates β-catenin, which is a multifunc-
tional protein originally identified as a cadherin-associated protein [6]. 

Thus, GSK-3β in the destruction complex promotes β-catenin degrada-
tion [7]. Conversely, stabilization of β-catenin by the Wnt signal results 
in its association with the high mobility group (HMG)-domain proteins, 
the Lef/Tcf family transcription factors, which then alters the expression 
of target genes [8]. The Wnt proteins interact with Frizzled, a family of G 
proteins-coupled receptors, and induce transduction of a cytoplasmic 
protein, Dishevelled (Dvl). Dvl, activated by the Wnt signal, negatively 
modulates GSK-3β activity [9]. CXXC5 is a negative modulator of the 
Wnt/β-catenin signaling through an interaction with Dvl in the cytosol 
[10]. Blockade of the CXXC5–Dvl interaction affects various patho-
physiological phenotypes, including wound healing, osteoporosis, and 
hair loss through the activation of Wnt/β-catenin signalling [11]. In the 
case of wound healing, activation of Wnt/β-catenin signaling by wound 
formation, serves as a positive stimulus for wound repair, through 
activation of stem cells and induction of their self-renewal and prolif-
eration [12]. Moreover, β-catenin is also increased during the prolifer-
ative phase of wound repair [13]. Furthermore, the Wnt signals are 
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necessary for recovering epithelial tissue patterning during wound 
healing [14]. The use of GSK-3β inhibitors, such as valproic acid, 
effectively promotes wound healing in small cutaneous wounds through 
the Wnt signaling pathway [14,15]. However, valproic acid does not 
effectively accelerate cutaneous wound healing in large or chronic 
wounds, because the negative Wnt regulator, CXXC5 is increased [16]. 
Alternatively, combination treatment with valproic acid and peptides 
that inhibit the CXXC5-Dvl interaction significantly promote cutaneous 
wound healing in large wounds [16]. Thus, the dual inhibition of the 
CXXC5-Dvl interaction and GSK-3β could be efficient in activating the 
Wnt/β-catenin signaling. 

The bis-indole indirubin (Fig. 1) is known as the active ingredient of 
the traditional Chinese medicine recipe Danggui Longhui Wan, which is 
used against chronic myelocytic leukemia. However, indirubin is not 
acknowledged as a drug because of its poor solubility, low absorption 
and gastrointestinal toxicity [17]. Several indirubin analogs, such as N- 
methylisoindigo and indirubin-3′-oxime (Fig. 1), have therefore been 
synthesized to provide improved pharmacological properties and 
reduced toxicity [18,19]. Indirubin and their synthetic analogs such as 
6-bromoindirubin-3′-oxime (BIO, Fig. 1) were reported as selective in-
hibitors of GSK-3β [20]. Here, an indole ring that was included in the 
structure on BIO and I3O could interact with the PDZ domain [21]. 
Similarly, BIO and I3O also affected the CXXC5-Dvl interaction [22]. 
Thus, indirubin analogs could inhibit both GSK-3β and the CXXC5-Dvl 
protein–protein interaction. 

In this study, we designed a series of indirubin-3′-oxime and indir-
ubin-3′-alkoxime derivatives by introducing various functional groups 
at either the 5- or 6-position (R1 group). In addition, alkyl or benzylic 
moieties were also added at the 3′-oxime position (R2 group) to inhibit 
the activity of both GSK-3β and the CXXC5-Dvl interaction, alongside 
providing an improvement to their pharmacological properties. The 
synthesized compounds were evaluated for GSK-3β inhibitory activities, 
inhibitions of the CXXC5-Dvl interaction, and Wnt-reporter activities to 
identify dual-targeting inhibitors for more efficient activation of Wnt/ 

β-catenin signaling. 

2. Results and discussion 

2.1. Strategies and chemistry 

6-bromoindirubin-3′-oxime (BIO) is known as a potent inhibitor of 
GSK-3β, compared with 6-bromoindirubin and indirubin-3′-oxime (IC50 
of BIO, 6-bromoindirubin and indirubin-3′-oxime on GSK-3 was 5, 45, 
and 22 nM, respectively) [20]. Whilst in a docking study, the inhibitory 
activities of these compounds on GSK-3 correlate with their binding 
energies of GSK-3β in a docking study (binding energy of BIO, 6-bro-
moindirubin, and indirubin-3′-oxime on GSK-3β were − 123.10, 
− 106.73, and − 121.16 kcal/mol, respectively, Table 3). Compared to 
indirubin, the oxime group of I3O could interact with the additional 
hydrogen bond at L062 of GSK-3β (Fig. 2A and 2B). The Bromo group on 
5-bromoindirubin and 6-bromoindirubin also could stabilize a binding 
mode through additional interactions with amino acids (V070 and C199 
on 5-position; K085, L132, and C199 on 6-position) of GSK-3β (Fig. 2C 
and 2D). Based on these data, various functional groups at the 5- or 6- 
position could be introduced such as Br, CH3, CF3, and OCF3 groups. The 
metabolism by an organism is one of the most important determinants of 
the pharmacokinetic profile of a drug [23]. In vitro microsomal stability 
assays are widely used in drug discovery. Such assays are based on 
research involving drug-like compounds, which are cleared predomi-
nantly by cytochrome P450 metabolism [24]. The oxime functional 
group could be susceptible to a reduction by microsomes [25]. There-
fore, indirubin-3′-alkoxime derivatives were designed and synthesized 
to improve microsomal stability. 

The 5- or 6-substituted indirubin derivatives 1a-h were synthesized 
from the conjugate reaction of 3-indoxyl acetate with various 5- or 6- 
substituted isatins. Hydrochloric acid (HCl) in ethanol was used at 
reflux to yield the 5- or 6-substituted indirubin-3′-oxime derivatives 2a- 
g, followed by the reaction with hydroxylamine to convert the ketone to 

Fig. 1. Chemical structures of indirubin derivatives.  
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an N-oxime. The 5- or 6-substituted indirubin-3′- alkoxime derivatives 
3a-c, 4a-c, 5a-c, 6a-c, 7a-c, and 8a-c were synthesized with O-methyl, 
O-ethyl, O-propyl, O-isopropyl, O-isobutyl, and O-benzyl hydroxylamine 
instead of using hydroxylamine and the same procedure as the oxime 
synthesis. (Scheme 1) 

2.2. Inhibition of GSK-3β 

Firstly, the synthesized compounds were evaluated for inhibition of 
GSK-3β (as values of IC50, Table 1). The majority of the compounds 
exhibited reasonable inhibitory activities towards GSK-3β, except 7a 
and 8b. Both 5-bromoindirubin-3′-oxime and BIO showed excellent in-
hibitions of GSK-3β (IC50 = 4 nM and 4 nM, respectively), while 5- 
CF3 indirubin-3′-oxime (IC50 = 2 nM) inhibited GSK-3β activities better 
than BIO. Comparison of the same functional set on the R1 group 
among the 5- or 6-substituted indirubin-3′-oxime derivatives, the 5- 
substituted analogs generally displayed the better inhibitory activities 
(R1 = CH3, 2a and 2e; R1 = CF3, 2b and 2f; R1 = OCF3, 2c and 2 g). Since 
three oxime derivatives (R1 = 5-Br, 2d; R1 = 6-Br, BIO; R1 = 5-CF3, 2f) 
showed outstanding inhibitory activities, their 3′-alkoxime derivatives 
were prepared at the 3′-oxime position (R2 groups, 3a-8c). Among these 
compounds, all 5-CF3 indirubin-3′-alkoxime derivatives (3-8a) showed 
excellent inhibitory activities (lower than 20 nM of IC50 values). By 
comparing the R2 groups of 5- and 6-bromoindirubin-3′-alkoxime 

derivatives, the larger group displayed lower IC50 values (methyl >
ethyl > isopropyl > propyl > isobutyl ≈ benzyl group). Among the 
synthesized compounds, 2f (R1 = 5-CF3 and R2 = H) and 6c (R1 = 5-CF3 
and R2 = isopropyl) exhibited the most potent inhibitory activity of GSK- 
3β (2 nM of IC50 value). 

2.3. Inhibition of the CXXC5-Dvl interaction and activation of Wnt/ 
β-catenin signaling 

CXXC5 is a negative modulator of Wnt/β-catenin signaling through 
its interaction with Dvl in the cytosol [10,11]. The disruption of the 
CXXC5-Dvl interaction could maintain the activity of Dvl, which nega-
tively modulates GSK-3β. Thus, inhibition of the CXXC5-Dvl interaction 
suggests that the function of Dvl and Wnt signaling could be preserved. 
To observe the inhibition of the CXXC5-Dvl interaction by the synthe-
sized compounds, a fluorescence assay was implemented that uses the 
FITC-conjugated PolyR-DBM. Therefore, by comparing our compounds 
with a synthesized competitor peptide known to bind with Dvl [10], we 
can compare their binding to a purified recombinant Dvl PDZ domain. 
The DBM peptide has been identified from the CXXC5 protein and is a 
13-amino acid residue containing an RKTGHQICKFRKC sequence in the 
zinc finger domain. The well containing the compounds with a Dvl PDZ 
domain results in a decrease in fluorescence intensity [26]. Thus, the 
synthesized compounds were evaluated for their cellular inhibitory 

Fig. 2. The binding mode of indirubin derivatives on GSK-3β (PDB ID: 1UV5). A: indirubin, B: indirubin-3′-oxime, C: 5-Br indirubin, D: 6-Br indirubin. (green: 
hydrogen bond, pale pink: halogen-alkyl interaction). 
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activities of CXXC5 binding to Dvl (Table 1). The analogs, which had 
excellent inhibitory activities of GSK-3β such as BIO, 2d, 3b-c, 5c, 6c, 
7c, and 8c presented an inhibition of these protein–protein interactions 
of over 85 % at 5 μM. However, 2f did not inhibit the interaction be-
tween CXXC5 and Dvl, although it had previously provided an excellent 
IC50 value on GSK-3β. Many of the compounds displaying an IC50 value 
of GSK-3β, at approximately 100 nM or greater, exhibited insufficient 
inhibitory activities towards the interaction between CXXC5 and Dvl 

(2a-c, 5b, 6a-b, 7a, and 8a-b) Compounds that presented < 70 % in-
hibition of the CXXC5-Dvl interaction (2b, 2c, 2f, and 2 g) were all 
oxime derivatives and similarly, did not increase the Wnt activation 
irrespective of the GSK-3β inhibitory activity. Mainly, the 5-CF3 
substituted indirubin-3′-alkoxime derivatives exhibited improved 
inhibitory activities on the interaction between CXXC5 and Dvl, 
compared to the 5-Br and/or 6-Br substituted indirubin-3′-alkoxime 
derivatives that contained a relatively bulky group on R2 (R2 =

Scheme 1. General procedure for synthesis of indirubin-3′-oxime and indirubin-3′-alkoxime analogues. Reagents: (a) HCl, EtOH, reflux; (b) R2-ONH2⋅HCl, pyri-
dine, reflux. 

Table 1 
Results of biological assays. GSK-3β inhibitory activity, percentage of inhibition on CXXC5-Dvl interaction, and luciferase activity for Wnt reporter assay by synthesized 
indirubin-3′-oxime and indirubin-3′-alkoxime analogs. (* IC50 value of GSK-3β from a previous study [40]).  

Cpd R1 R2 GSK-3β, IC50 (μM) Inhibition of CXXC5-Dvl interaction (%) Wnt reporter assay 

0.5 μM 1 μM 5 μM 0.5 μM 1 μM 5 μM 

indirubin H – 0.600*  28 28  272 253 
I3O H H 0.022*  4 32  435 701 
BIO 6-Br H 0.004 74 80 94 1241 4000 4439 
2a 6-CH3 H 0.555  69 81  354 268 
2b 6-CF3 H 0.144  39 53  389 43 
2c 6-OCF3 H 0.338  61 66  336 167 
2d 5-Br H 0.004 72 76 90 226 538 5473 
2e 5-CH3 H 0.062  79 80  225 1451 
2f 5-CF3 H 0.002  15 28  184 2089 
2 g 5-OCF3 H 0.044  57 55  141 155 
3a 6-Br methyl 0.026  66 76  979 1962 
3b 5-Br methyl 0.028  94 99  335 1832 
3c 5-CF3 methyl 0.004 55 71 90 2124 5093 6692 
4a 6-Br ethyl 0.068  70 85  226 659 
4b 5-Br ethyl 0.033 82 78 76 544 584 3803 
4c 5-CF3 ethyl 0.006  52 79  4785 1576 
5a 6-Br propyl 0.123  66 19  237 366 
5b 5-Br propyl 0.121  73 73  185 214 
5c 5-CF3 propyl 0.004  70 87  3913 2939 
6a 6-Br isopropyl 0.092  57 80  192 414 
6b 5-Br isopropyl 0.071  66 74  173 531 
6c 5-CF3 isopropyl 0.002 68 71 88 1453 4127 67 
7a 6-Br isobutyl >3  68 79  236 240 
7b 5-Br isobutyl 0.110  88 92  169 269 
7c 5-CF3 isobutyl 0.012 79 86 94 270 411 4749 
8a 6-Br benzyl 0.110  59 82  220 219 
8b 5-Br benzyl >3  68 79  158 155 
8c 5-CF3 benzyl 0.018 67 78 93 107 175 4061  
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isopropyl, 6a-c; R2 = isobutyl, 7a-c; R2 = benzyl, 8a-c). 
Next, a cellular reporter assay used to investigate Wnt activation 

through analyses of TOPFlash activity was implemented to evaluate all 
the synthesized compounds in HEK293 reporter cells. The HEK-TOP 
cells are stable cell lines that consistently express TOPFlash [27]. The 
compounds displayed a range of Wnt activity levels such as: (43–6692) 
2a-c, 2e, 2 g, 4a, 5a-b, 6a-b, 7a-b, and 8a-b exhibited very poor Wnt 
activations (under 1500 at 1 and 5 μM, Table 1). While, BIO, 3c, 4c, 5c, 
and 6c induced strong Wnt activation levels at 1 μM. The role of the 
synthesized compounds in the activation of Wnt/β-catenin signaling was 
further verified by the increment of β-catenin at 1 μM (BIO, 2d, 2f, 3c, 
4c, 6c, and 8c; Fig. 3). Compounds with sufficient Wnt activation at 1 
μM increase β-catenin by immunoblot analysis. Indeed, compounds 4c 
and 6c showed higher Wnt activations at 1 μM than 5 μM, possibly 
caused by increased cellular toxicity (Fig. 4). Comparatively, BIO com-
pounds 2d, 3c, 4b, 7c, and 8c induced strong Wnt activation levels over 
3800 at 5 μM. Generally, among the 5- or 6-substituted indirubin-3′- 
oxime derivatives, 5-substituted indirubin-3′-oximes mostly displayed 
higher Wnt activity levels at 5 µM than 6-substituted indirubin-3′-ox-
imes by comparison of R1 group (R1 = Br, BIO and 2d; R1 = CH3, 2a and 
2e; R1 = CF3, 2b and 2f; R1 = OCF3, 2c and 2 g). Most of the 5-CF3 
indirubin-3′-alkoxime derivatives (3-4c and 6-8c) showed notable Wnt 
activation levels, with 3c (R1 = 5-CF3 and R2 = methyl) the most sig-
nificant Wnt activator among these series. 

2.4. Cell cytotoxicity assay 

Potent GSK-3β inhibitors can induce cell death at high concentra-
tions [28]. In this study, the cell viability after administering the com-
pounds was measured by MTT assay. Indeed, all of the tested compounds 
did not demonstrate increased toxicity at 1 μM (BIO, 2f, 4b, 4c, 6c, 7c, 
and 8c; Fig. 4). However, most of the compounds that elicit a strong 
inhibition of GSK-3β (IC50 < 10 nM; BIO, 4c, and 6c) exhibited cell 
cytotoxicity at 5 and 10 μM. This increased cytotoxicity may provide an 
explanation as to why 4c and 6c were more active at 1 μM compared 
with 5 μM in the Wnt-reporter assay (Table 1). Instead, 4b, which pro-
vides less potent inhibition of GSK-3β (IC50 > 30 nM) did not show 
cytotoxicity despite their sufficient activation of Wnt signaling. Thus, 
the strong GSK-3β inhibitors possibly cause cytotoxicity and may reduce 
the activation of Wnt signaling at high concentrations. 

2.5. Relationship of Wnt/β-catenin signaling with GSK-3β and CXXC5- 
Dvl interaction 

Inhibition of GSK-3β-mediated β-catenin phosphorylation is known 
to be the key event in Wnt/β-catenin signalling [29]. Interestingly, a 
peptide that competitively inhibits the CXXC5-Dvl interaction is capable 
of alleviating CXXC5-mediated inhibition of Wnt signalling [10,11]. 
Thus, we examined the relationships of Wnt activation with dual inhi-
bition of GSK-3β and the CXXC5-Dvl interaction. The compounds that 

had an IC50 higher than 40 nM against GSK-3β (2a-c, 2e, 2g, 4a, 5a-b, 
6a-b, 7a-b, and 8a-b) demonstrated relatively low Wnt activation, 
independently of their ability to disrupt the interaction between the 
CXXC5-Dvl proteins. The compounds providing < 70 % inhibition of the 
CXXC5-Dvl interaction (2b, 2c, 2f, and 2g) are oxime derivatives and 
likewise did not increase Wnt activation, regardless of their GSK-3β 
inhibitory activity. Indeed, 7b which has an IC50 of 110 nM against GSK- 
3β and severely inhibits the CXXC5-Dvl interaction (> 90 % inhibition at 
5 µM) also did not activate Wnt signaling. Alternatively, 2f which has an 
excellent inhibitory activity of GSK-3β (2 nM of IC50 on GSK-3β inhibi-
tion), while only providing a poor inhibition of the CXXC5-Dvl inter-
action, also did not show sufficient activation of Wnt signaling. 
However, 2d, 3c, 6c, 7c, 8c, and BIO, in the Wnt-reporter assay all 
illustrated readouts greater than 4,000 at 5 µM (Table 1), alongside most 
showing lower than 20 nM of IC50 on GSK-3β, and a higher than 88 % 
inhibition of the interaction between CXXC5-Dvl proteins at 5 µM. Thus, 
we assume that activation of Wnt signaling seems to inhibit both GSK-3β 
and the CXXC5-Dvl interaction, whereas extremely strong inhibition of 
GSK-3β could induce cytotoxicity at high concentrations. Thereby, dual 
inhibition of GSK-3β and the CXXC5-Dvl interaction seems to be a better 
approach for safely and efficiently activating the Wnt signal compared to 
inhibiting GSK-3β alone. 

2.6. Docking study 

For monitoring the binding modes of 6c, 7c, and 8c, which showed 
effective inhibition of both GSK-3β and the CXXC5-Dvl interaction, the 
molecular docking studies were performed at the ATP binding site of 
GSK-3β (PDB ID: 1UV5) [20] and the PDZ domain of Dvl (PDB ID: 2KAW 
[30] and 6LCB). 

These compounds were bound in the narrow tubular hydrophobic 
pocket of GSK-3β. Both 6c and 7c displayed a similar binding mode with 
BIO, which possesses a hydrogen bond with V135 and P136 on the 
amide group of isatin (Fig. 5A and 5B). In addition, the functional groups 
of 6c and 7c provided extra stabilization at the 5-position (R1 = CF3) 
through pi–alkyl interactions or hydrogen bonds with V110, L132, 
C199, and D200. Likewise, on 3′-position (R2 group) by pi–alkyl in-
teractions with V070 through stable binding in the narrow hydrophobic 
pocket (Figure 5 and S1). 8c showed a different binding mode from 6c 
and 7c because of the bulky benzyl group at the 3′-oxime position: the 
amide group of isatin formed a hydrogen bond with D200 instead of 
V135 and P136 (Fig. 5C), and the functional groups at the 5-position 
interacted with Q185 instead of V110 and L132 at the 5-position 
(Figure S1). The benzyl group at the 3′-position of 8c also stabilized 
binding through additional interaction with I062 (Figure S1). 
Notwithstanding their binding modes, 6c, 7c, and 8c each properly 
fitted in GSK-3β and showed reasonable binding energies alongside BIO. 

Dishevelled (Dvl) plays a vital role in Wnt signaling and its PDZ 
domain interacts with membrane receptors and downstream molecules 

Fig. 3. Immunoblot analyses with the indicated antibodies in HEKTOP cells 
treated with synthesized compounds at 1 μM for 24 h. 

Fig. 4. Evaluation of cell cytotoxicity by MTT assay at 1, 5, and 10 μM of 
compounds. (*p < 0.05; **p < 0.01 compared with DMSO control). 
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[31]. CXXC5 is one of the key molecules that interact with Dvl and 
negatively regulates the Wnt/β-catenin pathway [10]. A Dvl binding 
motif (DBM peptide, residue 279–291, RKTGHQICKFRKC) was identi-
fied in the C-terminal region of CXXC5. Disruption of the CXXC5-Dvl 
interaction by the DBM peptide activated the Wnt/β-catenin signaling 
pathway [32]. Residues I264, I266, V318, L321, and V325 of the Dvl 
PDZ formed a hydrophobic binding pocket, and I285 of the DBM peptide 
was well accommodated into the pocket [33]. As indole derivatives are 
known to interact with the PDZ domain [21], structurally similar BIO 
and I3O could also interact with the PDZ domain (PDB ID: 2KAW) of the 
Dvl protein in an in silico docking model [22]. In this study, CXXC5, 6c, 
7c, and 8c bound to the PDZ domain of Dvl (2KAW) by pi–alkyl in-
teractions or forming hydrogen bonds with I264, I266, V318, and/or 
V325 and by van der Waals interactions with L321 (Fig. 6 and S2). R322, 
which is critical for ligand binding with the PDZ domain through 
hydrogen bond formation [30], also interacted with a 5-CF3 group of 
these compounds by a hydrogen bond. The inhibitory activity of the 
CXXC5-Dvl interaction on 6c, 7c, and 8c (71, 86, and 78 % inhibition at 
1 μM, respectively) were well correlated with their binding energies 
(− 119.63, − 124.79, and − 121.10 kcal/mol, respectively). (Table 1 and 
3). As a result, these 3 compounds were well bound to the PDZ domain of 
Dvl as well as to GSK-3β. 

2KAW in PDB is an NMR structure of the mouse’s Dvl1 PDZ domain, 
and 6LCB in PDB is a crystal structure of the human’s Dvl1 PDZ domain. 
Sequences of these two Dvl1 PDZ domains are nearly identical, sharing 
100 % of sequence similarity and 98 % sequence identity (Fig. S3). 
Furthermore, the root mean square deviation (RMSD) of these two 
proteins was calculated for the structural similarity. The RMSD value of 

the global backbone is distributed around 1.75 Å by C-alpha pairs, which 
were useful for both building and validating models of protein structure 
[34]. The RMSD value of the binding sites is distributed around 1.17 Å 
by tethering amino acids of each structure. Based on the RMSD values, 
the binding sites of these two proteins seem to be more similar than the 
whole structure. For this reason, there are no significant differences in 
the docking results for the two structures (Figs. 6 and 7). 6c, 7c, and 8c 
were docked onto the binding site of the PDZ domain (PDB ID: 6LCB) 
and interacted with residues L262, G263, I264, I266, V318, L321, R322, 
and V325 in the PDZ domain of the Dvl protein, like a binding mode with 
a 2KAW structure (Fig. 7 and Fig. S4). Additionally, the simulated 
docking mode of the synthesized compounds was similar to the binding 
mode of the original ligand (NPL3009, PDB ID: E83) on 6LCB (Fig. 8 and 
Fig. S4D). Collectively, it can be assumed that the series of indirubin-3′- 
alkoxime derivatives bind to the Dvl protein. 

2.7. Metabolic stability on microsome and plasma 

Metabolic stability is very important in monitoring the pharmaco-
kinetic profile. The metabolic stability profiles of five active analogs (2d, 
3c, 4b, 6c, 7c, and 8c) that showed excellent Wnt activation, were 
evaluated on human liver microsome and plasma (Table 2). All 5 ana-
logs were stable at over 89 % for 30 min or over 97 % at 60 min on 
plasma. In NADPH-dependent cytochrome P450 (CYP450) conditions, 
4b showed remarkable microsomal stability, showing 85.5% remaining 
for 30 min, while 6c, 7c, and 8c showed enhanced microsomal stability 
with 99.1 %, 98.7 %, and > 10 0% remaining at 60 min, respectively. All 
these analogs showed higher microsomal stability than 2d, 3c, and BIO, 

Fig. 5. The binding mode of indirubin-3′-alkoxime derivatives on GSK-3β (PDB ID: 1UV5). A: 6c, B: 7c, C: 8c. (green: hydrogen bond).  
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Fig. 6. The binding mode of indirubin-3′-alkoxime derivatives on PDZ domain of Dvl (PDB ID: 2KAW). A: 6c, B: 7c, C: 8c. (green: hydrogen bond).  

Fig. 7. The binding mode of indirubin-3′-alkoxime derivatives on PDZ domain of Dvl (PDB ID: 6LCB). A: 6c, B: 7c, C: 8c. (green: hydrogen bond).  
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which exhibited only moderate microsomal stability (53.9 %, 59.4 %, 
and 37.3 % remaining at 30 min, respectively). By comparing R2 groups, 
compounds containing a larger substituent were more stable on the 
microsome (H < methyl ≪ ethyl < isopropyl ≈ isobutyl ≈ benzyl group). 
Overall, the analogs with 3′-alkoxime displayed higher stability against 
microsomal enzymes than the analogs with 3′-oxime. 

2.8. In vitro migration assay for wound healing 

The Wnt/β-catenin signaling pathway is activated during the wound 
healing process [35]. GSK-3β inhibitors induce cutaneous wound heal-
ing, dermal fibrosis and enhance migration of HaCaT keratinocytes by 
activation of the Wnt/β-catenin pathway [16,36,37]. Also, combination 
treatment of skin wounds with PTD-DBM, a peptide blocking the CXXC5- 
Dvl interaction, and a GSK-3β inhibitor that activates the Wnt/β-catenin 
pathway, synergistically enhance cutaneous wound healing in mice 
[16]. To monitor the effects of 3′-alkoxime derivatives on wound healing 
and avoid a cell cytotoxicity issue, indirubin, I3O, BIO, 4b, 6c, 7c, and 
8c were evaluated with HaCaT keratinocyte migration after scratch 
wounding at 1 μM (Fig. 9). Indirubin itself promotes the migration of 
keratinocytes [38], but BIO delays the migratory activity of fibroblasts 
due to its cytotoxicity [39]. Therefore, 24 h after treatment of 1 μM of 
the compounds, 6c, indirubin, and I3O all showed limited wound 
healing activities with a HaCaT keratinocytes migration assay. 8c and 
I3O induced slightly better wound healing activity (68 % and 64 %, 
respectively, compared to 60 % for the control). 4b and 7c enhanced 
narrowing of the scratch wound (74 % and 82 %, respectively, relative 
wound healing rate). To confirm that the effect of wound healing is 
through activation of Wnt signaling, indirubin, I3O, BIO, 4b, 6c, 7c, and 
8c were evaluated on Wnt activation in HaCaT cells using immunocy-
tochemical analysis (Fig. 10). Subsequently, 24 h after 1 μM treatment of 
compounds 4b, 6c, 7c, and 8c, total β-catenin levels and nuclear 
translocation of β-catenin increased. These compounds also showed the 
correlation of their Wnt activation in HaCaT cells with their migration of 
keratinocytes. Therefore, these compounds could promote wound 
healing by activating Wnt/β-catenin signaling. Also, the results of 
wound healing were correlated against Wnt activation using a cellular 
reporter assay at 5 μM except for BIO. Most of our compounds promoted 
keratinocyte migration much better than indirubin or I3O. Although 4b 
could be efficient at high concentration with respect to the cytotoxicity, 
7c could be a potential candidate for wound healing through activation 
of the Wnt/β-catenin signaling pathway, through dual inhibition of GSK- 
3β and the CXXC5-Dvl interaction. 

3. Discussion 

GSK-3β inhibitors effectively promote Wnt signaling. However, these 
could have a limitation because of the negative Wnt regulator such as 
CXXC5. So, dual inhibition of the CXXC5–Dvl interaction and GSK-3β 
seems to be efficient for activating Wnt/β-catenin signaling. In previous 
studies, both Indirubin and BIO were reported as selective inhibitors of 
GSK-3β and were found to interact with the PDZ domain of Dvl [33]. 

Here, a series of indirubin-3′-oxime and 3′-alkoxime derivatives, 
with various functional groups at the 5- or 6-position, were prepared to 
improve the biological potency and the pharmacokinetic profile. 
Twenty-five analogs were synthesized through the introduction of Br, 
CH3, CF3, and OCF3 groups on the 5- or 6- position (R1 group) and alkyl 
or benzylic moieties on the 3′-oxime position (R2 group). Among the 
synthesized indirubin-3′-oximes, three oxime derivatives (R1 = 5-Br, 6- 
Br, and 5-CF3) showed remarkable inhibitory activities against GSK-3β. 
All 5-CF3 indirubin-3′-alkoxime derivatives also displayed excellent 
inhibitory activities against GSK-3β. By comparing R2 groups of 5- and 6- 
bromoindirubin-3′-alkoxime derivatives, the bigger group showed lower 
IC50 values of GSK-3β. In general, 5-CF3 substituted indirubin-3′-alkox-
ime derivatives exhibited better inhibitory activities on the interaction 
between CXXC5 and Dvl than 5-Br and/or 6-Br substituted indirubin-3′- 
alkoxime derivatives, which contained a relatively bulky group on R2. In 
regards to the Wnt-reporter assay, among 5- or 6-substituted indirubin- 
3′-oxime derivatives, 5-substituted indirubin-3′-oximes generally dis-
played higher Wnt activation at 5 µM than 6-substituted indirubin-3′- 
oximes by comparison of the R1 group. Most of the 5-CF3 indirubin-3′- 
alkoxime derivatives induced remarkable Wnt activation levels. In the 
MTT assay, some indirubin-3′-alkoxime derivatives with strong GSK-3β 

Fig. 8. The docking mode of 8c (yellow) and NPL3009 (green) in Dvl protein 
(PDB ID: 6LCB). 

Table 2 
Microsomal and plasma stability of indirubin-3′-oxime and indirubin-3′-alkox-
ime derivatives.  

Cpd R1 R2 Microsomal 
stability 
(human, % 
remaining) 

Plasma stability (human, % 
remaining) 

30 
mina 

60 
minb 

30 
minc 

60 
mind 

120 
minc 

BIO 6-Br H 37.3   91.7   84.8 
2d 5-Br H 53.9   94.3   94.2 
3c 5- 

CF3⋅HCl 
methyl 59.4   95.9   87.0 

4b 5-Br ethyl 85.5   97.8   83.1 
6c 5- 

CF3⋅HCl 
isopropyl >100 99.1  89.2   83.7 

7c 5- 
CF3⋅HCl 

isobutyl  98.7  97.1  

8c 5- 
CF3⋅HCl 

benzyl  >100  >100  

a Microsomal stability method 1 , c. Plasma stability method 1. 
b Microsomal stability method 2 , d. Plasma stability method 2. 

Table 3 
The binding energy of indirubin, indirubin-3′-oxime, and indirubin-3′-alkoxime 
derivatives.  

Cpd Binding energry (kcal/mol) 

1UV5 2KAW 6LCB 

BIO  ¡123.10   
indirubin  ¡103.05   
indirubin-3′-oxime  ¡121.16   
5-bromo indirubin  ¡121.42   
6-bromo indirubin  ¡106.73   
6c  ¡151.14  ¡119.63  ¡106.72 
7c  ¡151.85  ¡124.79  ¡106.99 
8c  ¡173.08  ¡121.10  ¡101.72  
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inhibitory activity cause cytotoxicity at high concentration, even though 
at low concentration, these could increase β-catenin expression and Wnt 
activation. Strong GSK-3β inhibition could reduce activation of Wnt 
signaling and induce cell death at high concentrations. Based on in vitro 
analyses such as GSK-3β inhibitory activities, inhibition of the CXXC5- 
Dvl interaction, and Wnt-reporter activities, the inhibition of both 
GSK-3β and CXXC5-Dvl interaction were crucial factors in controlling 
Wnt signaling. Indeed, only extremely potent inhibition of GSK-3β led to 
cytotoxicity at high dosage concentrations. In a docking study, indir-
ubin-3′-alkoxime derivatives were well bound in GSK-3β and the Dvl- 
PDZ domain and exhibited reasonable binding energies. Especially, 
these were docked onto the binding site of the Dvl-PDZ domain, like 
CXXC5, and interacted with residues of I264, I266, V318, L321, and 
V325 in the binding site. Collectively, a series of indirubin-3′-alkoxime 
derivatives are suggested to bind the Dvl protein. Metabolic stability 

profiles of six active analogs (2d, 3c, 4b, 6c, 7c, and 8c), which showed 
excellent Wnt activation, were evaluated in human liver microsome and 
plasma. All of these compounds were stable in plasma. Compounds with 
3′-alkoxime (4b, 6c, 7c, and 8c) showed impressive increases in 
microsomal stability compared with compounds with 3′-oxime (BIO, 2d, 
and 3c). By comparing R2 groups, compounds with the bigger group 
were more stable in microsome studies. To evaluate the effects of 3′- 
alkoxime derivatives on wound healing, 4b, 6c, 7c, and 8c were eval-
uated on HaCaT keratinocyte migration after scratch wounding and on 
Wnt activation of HaCaT cells using an immunocytochemical analysis. 
The results of wound healing activity were relatively correlated with the 
Wnt activation in HaCaT cells. As such, these derivatives could induce 
wound healing activity by activating Wnt/β-catenin signaling. Although 
4b could be efficient at high concentrations in aspects of its cytotoxicity, 
7c enhanced narrowing of the scratch wound. In conclusion, dual 

Fig. 9. The effects on migration of HaCaT cells through in vitro wound-healing assay at 1 μM. The wound healing rate was measured by the Image J program (n = 3). 
Indirubin, I3O, BIO, 4b, 6c, 7c, and 8c as indirubin-3′-alkoxime derivatives were evaluated on cell migration compared to DMSO. *p < 0.5,**p < 0.05. 

Fig. 10. The effects on Wnt activation in HaCaT cells. HaCaT cells were treated with indirubin, I3O, BIO, 4b, 6c, 7c, and 8c (1 μM) for 24 h. Fixed cells were stained 
for immunocytochemical analysis with an anti-β-catenin antibody (red) and DAPI (blue). Arrows indicate nuclei. 

D. Song et al.                                                                                                                                                                                                                                    



Bioorganic Chemistry 121 (2022) 105664

10

inhibition of GSK-3β and the CXXC5-Dvl interaction seems to be a better 
approach for safely and efficiently activating Wnt/β-catenin signaling 
compared to inhibiting GSK-3β alone. 

4. Experimental section 

4.1. Chemistry 

All chemicals were obtained from commercial suppliers and used 
without further purification. All reactions were monitored by thin-layer 
chromatography on precoated silica gel 60 F254 (mesh) (E. Merck, 
Mumbai, India), and spots were visualized under UV light (254 nm). 
Flash column chromatography was performed with silica (Merck 
EM9385, 230–400 mesh). 1H and 13C nuclear magnetic resonance 
(NMR) (Agilent Technologies) spectra were recorded at 400 and 100 
MHz, respectively. Proton and carbon chemical shifts are expressed in 
ppm relative to internal tetramethylsilane. Coupling constants (J) are 
expressed in Hertz. Splitting patterns are presented as s, singlet; d, 
doublet; t, triplet; q, quartet; dd, double of doublets; m, multiplet; br, 
broad. Liquid chromatography-mass spectrometry (LC-MS) spectra were 
obtained with an electrospray ionization (ESI) probe using a Shimadzu 
LCMS-2020 instrument with an Agilent C18 column (50*4.6 mm, 5 μm). 
The detected ion peaks were m/z in a positive and negative scan mode, 
where M represents the molecular weight of the compound and z rep-
resents the charge (number of protons). High-resolution ESI-MS mea-
surements were performed on an Agilent 6530 Accurate-Mass 
Quadrupole Time-of-Flight (Q-TOF) LC-MS system (Santa Clara, CA, 
USA) in negative or positive mode. Elemental compositions were 
determined on Elemental analysis (EA) using a Thermo Scientific 
FLASH2000 instrument. To determine the purity of the final compounds, 
HPLC experiments were conducted using an Agilent analytic column 
eclipse-XDB-C18 (150*4.6 mm, 5 μm) on a Shimadzu HPLC-2010 
instrument. 

4.1.1. General procedure for 1 
Various 5- or 6-substituted isatins were dissolved in ethanol (0.05 M) 

with 3-indoxyl acetate (1 eq) then hydrochloride (35 %, cat.) was added. 
The reaction mixture was stirred and refluxed for 8 h. After reacting, the 
purple precipitate in the terminated reaction mixture was filtered and 
washed with ethanol (0.05 M) then dried at a vacuum condition. 

4.1.1.1. (Z)-6′-bromo-[2,3′-biindolinylidene]-2′,3-dione (1a). 6-Bromoi-
satin (281 mg, 1.24 mmol) and 3-acetoxyindole (218 mg, 1.24 mmol) 
were used and 1a (270 mg, 61 %, purple solid) was obtained. 1H NMR 
(400 MHz, DMSO‑d6) δ 11.07 (d, J = 18.4 Hz, 2H), 8.69 (d, J = 7.6 Hz, 
1H), 7.67 (d, J = 6.8 Hz, 1H), 7.60 (t, J = 7.4 Hz, 1H), 7.44 (d, J = 6.4 
Hz, 1H), 7.24 (d, J = 7.6 Hz, 1H), 7.06 (br s, 2H). RP-HPLC (254 nm): 96 
% (tR = 12.5 min). LC/MS (ESI, m/z) 339 [M− H]-. 

4.1.1.2. (Z)-6′-methyl-[2,3′-biindolinylidene]-2′,3-dione (1b). 6-Methyl-
isatin (300 mg, 1.86 mmol) and 3-acetoxyindole (326 mg, 1.86 mmol) 
were used and 1b (315 mg, 6 %, purple solid) was obtained. 1H NMR 
(400 MHz, DMSO‑d6) δ 11.02 (s, 1H), 10.82 (s, 1H), 8.63 (s, 1H), 7.64 (d, 
J = 7.6 Hz, 1H), 7.58 (t, J = 7.8 Hz, 1H), 7.42 (d, J = 8.0 Hz, 1H), 
7.08–7.00 (m, 2H), 6.79 (d, J = 7.6 Hz, 1H), 2.32 (s, 3H). RP-HPLC (254 
nm): 97 % (tR = 15.3 min). LC/MS (ESI, m/z) 299 [M− H]-. 

4.1.1.3. (Z)-6′-(trifluoromethyl)-[2,3′-biindolinylidene]-2′,3-dione 
(1c). 6-Trifluoromethylisatin (246 mg, 1.14 mmol) and 3-acetoxyin-
dole (200 mg, 1.14 mmol) were used and 1c (276 mg, 73 %, purple 
solid) was obtained. 1H NMR (400 MHz, DMSO‑d6) δ 11.20 (s, 2H), 8.87 
(d, J = 10.8 Hz, 1H), 7.68–7.65 (m, 1H), 7.62–7.57 (m, 1H), 7.45–7.42 
(m, 1H), 7.39–7.35 (m, 1H), 7.10–7.03 (m, 2H). RP-HPLC (254 nm): 99 
% (tR = 12.7 min). LC/MS (ESI, m/z) 329 [M− H]-. 

4.1.1.4. (Z)-6′-(trifluoromethoxy)-[2,3′-biindolinylidene]-2′,3-dione 
(1d). 6-Trifluoromethoxyisatin (264 mg, 1.14 mmol) and 3-acetoxyin-
dole (200 mg, 1.14 mmol) were used and 1d (127 mg, 29 %, purple 
solid) was obtained. 1H NMR (400 MHz, DMSO‑d6) δ 11.08 (s, 2H), 8.83 
(dd, J = 11.2, 0.4 Hz, 1H), 7.68–7.65 (m, 1H), 7.62–7.56 (m, 1H), 
7.44–7.41 (m, 1H), 7.07–6.98 (m, 2H), 6.84–6.82 (m, 1H). RP-HPLC 
(254 nm): 90 % (tR = 13.1 min). LC/MS (ESI, m/z) 345 [M− H]-. 

4.1.1.5. (Z)-5′-bromo-[2,3′-biindolinylidene]-2′,3-dione (1e). 5-Bromoi-
satin (600 mg, 2.66 mmol) and 3-acetoxyindole (465 mg, 2.66 mmol) 
were used and 1e (494 mg, 55 %, purple solid) was obtained. 1H NMR 
(400 MHz, DMSO‑d6) δ 11.10 (s, 2H), 8.94 (d, J = 2.0 Hz, 1H), 7.66 (d, J 
= 7.2 Hz, 1H), 7.61–7.57 (m, 1H), 7.44–7.39 (m, 2H), 7.07–7.03 (m, 
1H), 6.86 (d, J = 8.0 Hz, 1H). RP-HPLC (254 nm): 99 % (tR = 16.6 min). 
LC/MS (ESI, m/z) 339 [M− H]-. 

4.1.1.6. (Z)-5′-methyl-[2,3′-biindolinylidene]-2′,3-dione (1f). 5-Methyl-
isatin (500 mg, 3.10 mmol) and 3-acetoxyindole (544 mg, 3.10 mmol) 
were used and 1f (582 mg, 68 %, purple solid) was obtained. 1H NMR 
(400 MHz, DMSO‑d6) δ 10.88 (s, 2H), 8.45 (s, 1H), 7.62 (d, J = 8.0 Hz, 
1H), 7.54 (t, J = 6.0 Hz, 1H), 7.37 (d, J = 8.0 Hz, 1H), 6.98 (t, J = 8.0 Hz, 
1H), 6.82–6.75 (m, 2H), 3.75 (s, 3H). RP-HPLC (254 nm): 97 % (tR =

15.3 min). LC/MS (ESI, m/z) 277 [M + H]+. 

4.1.1.7. (Z)-5′-(trifluoromethyl)-[2,3′-biindolinylidene]-2′,3-dione hydro-
chloride (1g). 5-Trifluoromethylisatin (273 mg, 1.14 mmol) and 3-ace-
toxyindole (200 mg, 1.14 mmol) were used and 1 g (289 mg, 61 %, 
purple solid) was obtained. 1H NMR (400 MHz, DMSO‑d6) δ 12.65 (s, 
1H), 11.23 (s, 1H), 11.09 (s, 1H), 9.45 (d, J = 2.4 Hz, 1H), 7.89 (dd, J =
11.2, 2.4 Hz, 1H), 7.69–7.66 (m, 1H), 7.63–7.57 (m, 1H), 7.43 (d, J =
10.4 Hz, 1H), 7.08–7.03 (m, 1H), 6.99 (dd, J = 11.2, 0.8 Hz, 1H). RP- 
HPLC (254 nm): 88 % (tR = 5.4 min). LC/MS (ESI, m/z) 329 
[M− H2− Cl]-. 

4.1.1.8. (Z)-5′-(trifluoromethoxy)-[2,3′-biindolinylidene]-2′,3-dione 
(1h). 5-Trifluoromethoxyisatin (1000 mg, 4.33 mmol) and 3-acetoxyin-
dole (758 mg, 4.33 mmol) were used and 1 h (541 mg, 36 %, purple 
solid) was obtained. 1H NMR (400 MHz, DMSO‑d6) δ 11.07 (d, J = 28.0 
Hz, 2H), 8.74 (s, 1H), 7.64 (d, J = 8.0 Hz, 1H), 7.56 (t, J = 8.0 Hz, 1H), 
7.40 (d, J = 8.0 Hz, 1H), 7.21 (d, J = 8.0 Hz, 1H), 7.01 (t, J = 7.0 Hz, 
1H), 6.93 (d, J = 8.0 Hz, 1H). RP-HPLC (254 nm): 94 % (tR = 16.6 min). 
LC/MS (ESI, m/z) 345 [M− H]-. 

4.1.2. General procedure for 2–8 
To solution of indirubin derivatives (1) in pyridine (0.15 M) was 

added the anhydrous hydroxylamine hydrochloride (7 eq) or O-alkyl-
hydroxylamine (alkyl: methyl, ethyl, propyl, isopropyl, isobutyl, and 
benzyl) hydrochloride (7 eq). The reaction mixture was stirred and 
refluxed for overnight. After reacting, the solvent was evaporated under 
reduced pressure and the residue was diluted with water (added HCl 
cat.) and ethyl acetate in sonication for 1 h then extracted with ethyl 
acetate, and dried over anhydrous Na2SO4. The solvent was evaporated 
under reduced pressure and the residue was recrystallized from ethanol, 
and the red-brown precipitate was filtered and washed with hexane. 
Washed compound was dried under reduced pressure. 

4.1.2.1. (2Z,3E)-6′-bromo-3-(hydroxyimino)-[2,3′-biindolinylidene]-2′- 
one (BIO). 1a (90 mg, 0.26 mmol) was used and BIO (32 mg, 34 %, red- 
brown solid) was obtained. mp 287–289 ℃. 1H NMR (400 MHz, 
DMSO‑d6) δ 13.58 (s, 1H), 11.72 (s, 1H), 10.82 (s, 1H), 8.52 (d, J = 8.4 
Hz, 1H), 8.19 (d, J = 7.6 Hz, 1H), 7.40–7.35 (m, 2H), 7.07–6.99 (m, 3H). 
13C NMR (100 MHz, DMSO‑d6) δ 171.10, 151.76, 146.40, 145.17, 
140.06, 132.52, 128.34, 124.65, 123.10, 122.42, 122.22, 118.25, 
116.86, 112.20, 111.91, 98.14. RP-HPLC (254 nm): 99 % (tR = 9.6 min). 
LC/MS (ESI, m/z) 354 [M− H]-. HRMS (ESI): m/z [M− H]- calcd. for 
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C16H9BrN3O2
-: 353.9884, found: 353.9861. 

4.1.2.2. (2Z,3E)-3-(hydroxyimino)-6′-methyl-[2,3′-biindolinylidene]-2′- 
one (2a). 1b (100 mg, 0.36 mmol) was used and 2a (63.3 mg, 60 %, red- 
brown solid) was obtained. mp 249–251 ℃. 1H NMR (400 MHz, 
DMSO‑d6) δ 13.36 (s, 1H), 11.59 (s, 1H), 10.63 (s, 1H), 8.49 (d, J = 8.0 
Hz, 1H), 8.20 (d, J = 8.0 Hz, 1H), 7.37–7.34 (m, 2H), 7.00–6.94 (m, 1H), 
6.74 (d, J = 8.0 Hz, 1H), 6.49 (s, 1H), 2.29 (s, 3H). 13C NMR (100 MHz, 
DMSO‑d6) δ 171.6, 151.7, 145.3, 144.7, 139.1, 136.0, 132.4, 128.4, 
123.4, 121.6, 121.5, 120.5, 116.9, 111.8, 110.0, 99.6, 21.8. RP-HPLC 
(254 nm): 98 % (tR = 8.6 min). LC/MS (ESI, m/z) 292 [M + H]+. 
HRMS (ESI): m/z [M− H]- calcd. for C17H12N3O2

-: 290.0935, found: 
290.0938. 

4.1.2.3. (2Z,3E)-3-(hydroxyimino)-6′-(trifluoromethyl)-[2,3′-biindolinyli-
dene]-2′-one (2b). 1c (200 mg, 0.64 mmol) was used and 2b (60 mg, 29 
%, red-brown solid) was obtained. mp 268–270 ℃. 1H NMR (400 MHz, 
DMSO‑d6) δ 13.79 (s, 1H), 11.96 (s, 1H), 11.00 (s, 1H), 8.78 (d, J = 10.8 
Hz, 1H), 8.24 (d, J = 10.0 Hz, 1H), 7.49–7.41 (m, 2H), 7.27–7.24 (m, 
1H), 7.13–7.06 (m, 2H). 13C NMR (100 MHz, DMSO‑d6) δ 171.15, 
151.71, 147.99, 144.99, 138.51, 132.60, 128.32, 126.90, 125.70, 
125.38, 122.92, 122.68, 117.30, 116.87, 112.50, 105.27, 97.49. RP- 
HPLC (254 nm): 99 % (tR = 10.1 min). LC/MS (ESI, m/z) 344 [M− H]-. 
HRMS (ESI): m/z [M− H]- calcd. for C17H9F3N3O2

-: 344.0652, found: 
344.0648. 

4.1.2.4. (2Z,3E)-3-(hydroxyimino)-6′-(trifluoromethoxy)-[2,3′-biindoli-
nylidene]-2′-one (2c). 1d (100 mg, 0.26 mmol) was used and 2c (89 mg, 
92 %, red-brown solid) was obtained. mp 256–258 ℃. 1H NMR (400 
MHz, DMSO‑d6) δ 13.62 (s, 1H), 11.76 (s, 1H), 10.92 (s, 1H), 8.70 (d, J 
= 11.2 Hz, 1H), 8.24 (d, J = 10.0 Hz, 1H), 7.46–7.39 (m, 2H), 7.09–7.03 
(m, 1H), 6.92–6.88 (m, 1H), 6.84–6.83 (m, 1H). 13C NMR (100 MHz, 
DMSO‑d6) δ 171.41, 151.68, 146.57, 146.49, 146.48, 145.21, 139.70, 
132.55, 128.34, 124.04, 122.37, 122.28, 116.88, 112.88, 112.27, 
102.15, 97.81. RP-HPLC (254 nm): 97 % (tR = 10.4 min). LC/MS (ESI, 
m/z) 360 [M− H]-. HRMS (ESI): m/z [M− H]- calcd. for C17H9F3N3O3

-: 
360.0601, found: 360.0608. 

4.1.2.5. (2Z,3E)-5′-bromo-3-(hydroxyimino)-[2,3′-biindolinylidene]-2′- 
one (2d). 1e (250 mg, 0.84 mmol) was used and 2d (35 mg, 13 %, red- 
brown solid) was obtained. mp 298–300 ℃. 1H NMR (400 MHz, 
DMSO‑d6) δ 13.72 (s, 1H), 11.85 (s, 1H), 10.88 (s, 1H), 8.77 (d, J = 2.0 
Hz, 1H), 8.25 (d, J = 7.6 Hz, 2H), 7.46–7.40 (m, 1H), 7.28 (dd, J = 8.4, 
2.0 Hz, 1H), 7.08–7.04 (m, 1H), 6.85 (d, J = 8.0 Hz, 1H). 13C NMR (100 
MHz, DMSO‑d6) δ 171.06, 151.94, 146.86, 145.15, 137.64, 132.62, 
128.49, 128.42, 125.25(2), 122.39, 116.95, 113.12, 112.30, 110.92, 
98.12. RP-HPLC (254 nm): 95 % (tR = 9.8 min). LC/MS (ESI, m/z) 354 
[M− H]-. HRMS (ESI): m/z [M− H]- calcd. for C16H9BrN3O2

-: 353.9884, 
found: 353.9875. 

4.1.2.6. (2Z,3E)-3-(hydroxyimino)-5′-methyl-[2,3′-biindolinylidene]-2′- 
one (2e). 1f (250 mg, 0.91 mmol) was used and 2e (80 mg, 30 %, red- 
brown solid) was obtained. mp 275–277 ℃. 1H NMR (400 MHz, 
DMSO‑d6) δ 13.37 (s, 1H), 11.70 (s, 1H), 10.57 (s, 1H), 8.46 (s, 1H), 8.21 
(d, J = 8.0 Hz, 1H), 7.38–7.35 (m, 2H), 7.00–6.96 (m, 1H), 6.91 (d, J =
8.0 Hz, 1H), 6.75 (d, J = 4.0 Hz, 1H), 2.31 (s, 3H). 13C NMR (100 MHz, 
DMSO‑d6) δ 171.5, 151.6, 145.4, 145.3, 136.5, 132.4, 129.3, 128.3, 
126.8, 124.1, 123.1, 121.7, 116.9, 111.8, 108.8, 99.6, 21.8. RP-HPLC 
(254 nm): 91 % (tR = 8.7 min). LC/MS (ESI, m/z) 292 [M + H]+. 
HRMS (ESI): m/z [M− H]- calcd. for C17H12N3O2

-: 290.0935, found: 
290.0947. 

4.1.2.7. (2Z,3E)-3-(hydroxyimino)-5′-(trifluoromethyl)-[2,3′-biindolinyli-
dene]-2′-one hydrochloride (2f). 1 g (200 mg, 0.48 mmol) was used and 
2f (171 mg, 90 %, red-brown solid) was obtained. mp 315–317 ℃. 1H 

NMR (400 MHz, DMSO‑d6) δ 13.64 (s, 1H), 12.44 (s, 1H), 11.82 (s, 1H), 
11.07 (s, 1H), 9.17 (d, J = 2.4 Hz, 1H), 8.27 (d, J = 10.0 Hz, 1H), 7.80 
(dd, J = 11.2, 2.4 Hz, 1H), 7.45–7.39 (m, 2H), 7.10–7.02 (m, 1H), 6.98 
(dd, J = 14.8, 4.8 Hz, 1H). 13C NMR (100 MHz, DMSO‑d6) δ 171.60, 
168.52, 152.11, 146.66, 145.05, 142.14, 132.52, 128.59, 128.41, 
124.55, 123.49, 122.95, 122.26, 117.06, 112.16, 108.83, 98.31. RP- 
HPLC (254 nm): 97 % (tR = 6.0 min). LC/MS (ESI, m/z) 344 
[M− H2− Cl]-. HRMS (ESI): m/z [M− H2− Cl]- calcd. for C17H9F3N3O2

-: 
344.0652, found: 344.0653. 

4.1.2.8. (2Z,3E)-3-(hydroxyimino)-5′-(trifluoromethoxy)-[2,3′-biindoli-
nylidene]-2′-one (2g). 1 h (250 mg, 0.72 mmol) was used and 2 g (50 
mg, 22 %, red-brown solid) was obtained. mp 292–294 ℃. 1H NMR 
(400 MHz, DMSO‑d6) δ 13.63 (s, 1H), 11.82 (s, 1H), 10.87 (s, 1H), 8.58 
(s, 1H), 8.21 (d, J = 8.0 Hz, 1H), 7.42–7.36 (m, 2H), 7.08–7.01 (m, 2H), 
6.92 (d, J = 8.0 Hz, 1H). 13C NMR (100 MHz, DMSO‑d6) δ 171.32, 
151.84, 145.89, 145.50, 142.98, 137.86, 133.51, 128.78, 123.76, 
122.41, 119.52, 116.53, 116.37, 112.60, 109.78, 99.70, 64.63. RP-HPLC 
(254 nm): 97 % (tR = 10.6 min). LC/MS (ESI, m/z) 360 [M− H]-. HRMS 
(ESI): m/z [M− H]- calcd. for C17H9F3N3O3

-: 360.0601, found: 360.0578. 

4.1.2.9. (2Z,3E)-6′-bromo-3-(methoxyimino)-[2,3′-biindolinylidene]-2′- 
one (3a). 1a (200 mg, 0.59 mmol) was used and 3a (162 mg, 73 %, red- 
brown solid) was obtained. mp 286–288 ℃. 1H NMR (400 MHz, 
DMSO‑d6) δ 11.70 (s, 1H), 10.91 (s, 1H), 8.53 (d, J = 8.4 Hz, 1H), 8.10 
(d, J = 7.6 Hz, 1H), 7.44 (d, J = 3.6 Hz, 2H), 7.17 (d, J = 8.4 Hz, 1H), 
7.06–7.03 (m, 2H), 4.38 (s, 3H). 13C NMR (100 MHz, DMSO‑d6) δ 
171.07, 151.62, 145.90, 145.00, 140.47, 133.39, 128.71, 125.18, 
123.60, 122.22, 122.09, 118.76, 116.56, 112.48, 112.00, 99.50, 64.92. 
EA: C: 55.19, H: 3.27, N: 11.36. RP-HPLC (254 nm): 98 % (tR = 14.8 
min). LC/MS (ESI, m/z) 370 [M + H]+. 

4.1.2.10. (2Z,3E)-5′-bromo-3-(methoxyimino)-[2,3′-biindolinylidene]-2′- 
one (3b). 1e (200 mg, 0.57 mmol) was used and 3b (31 mg, 14 %, red- 
brown solid) was obtained. mp 301–303 ℃. 1H NMR (400 MHz, 
DMSO‑d6) δ 11.66 (s, 1H), 10.84 (s, 1H), 8.80 (s, 1H), 8.05 (d, J = 8.0 
Hz, 1H), 7.42–7.37 (m, 2H), 7.24 (d, J = 8.0 Hz, 1H), 7.03–6.96 (m, 1H), 
6.80 (d, J = 8.0 Hz, 1H), 4.34 (s, 3H). 13C NMR (100 MHz, DMSO‑d6) δ 
170.93, 151.65, 145.93, 145.36, 138.06, 133.50, 128.75, 128.71, 
125.99, 124.89, 122.37, 116.49, 112.94, 112.61, 111.03, 99.37, 64.88. 
RP-HPLC (254 nm): 92 % (tR = 15.0 min). LC/MS (ESI, m/z) 370 [M +
H]+. HRMS (ESI): m/z [M + H]- calcd. for C17H13BrN3O2

-: 370.0186, 
found: 370.0023. 

4.1.2.11. (2Z,3E)-3-(methoxyimino)-5′-(trifluoromethyl)-[2,3′-biindoliny-
lidene]-2′-one hydrochloride (3c). 1 g (100 mg, 0.27 mmol) was used and 
3c (90 mg, 82 %, red-brown solid) was obtained. mp 284–286 ℃. 1H 
NMR (400 MHz, DMSO‑d6) δ 12.45 (s, 1H), 11.65 (s, 1H), 11.09 (s, 1H), 
9.43 (d, J = 1.2 Hz, 1H), 8.12 (d, J = 7.6 Hz, 1H), 7.81 (dd, J = 8.4, 1.6 
Hz, 1H), 7.45 (d, J = 4.0 Hz, 2H), 7.09–7.03 (m, 1H), 6.98 (d, J = 8.0 Hz, 
1H), 4.46 (s, 3H). 13C NMR (100 MHz, DMSO‑d6) δ 171.52, 168.41, 
151.37, 145.94, 145.19, 142.61, 133.32, 128.74, 128.53, 125.61, 
123.46, 122.59, 122.20, 116.49, 112.50, 108.95, 99.63, 65.02. RP-HPLC 
(254 nm): 98 % (tR = 7.2 min). LC/MS (ESI, m/z) 360 [M− Cl]+. HRMS 
(ESI): m/z [M− H2− Cl]- calcd. for C18H11F3N3O2

-: 358.0809, found: 
358.0807. 

4.1.2.12. (2Z,3E)-6′-bromo-3-(ethoxyimino)-[2,3′-biindolinylidene]-2′- 
one (4a). 1a (100 mg, 0.30 mmol) was used and 4a (80 mg, 71 %, red- 
brown solid) was obtained. mp 319–321 ℃. 1H NMR (400 MHz, 
DMSO‑d6) δ 11.71 (s, 1H), 10.91 (s, 1H), 8.55 (d, J = 8.4 Hz, 1H), 8.13 
(d, J = 7.6 Hz, 1H), 7.45 (d, J = 4.0 Hz, 2H), 7.17 (d, J = 8.4 Hz, 1H), 
7.07–7.04 (m, 2H), 4.66 (q, J = 7.2 Hz, 2H), 1.51 (t, J = 7.2 Hz, 3H). EA: 
C: 56.14, H: 3.77, N: 10.90. RP-HPLC (254 nm): 99 % (tR = 16.1 min). 
LC/MS (ESI, m/z) 384 [M + H]+. HRMS (ESI): m/z [M + H]- calcd. for 
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C18H15BrN3O2
-: 384.0342, found: 384.0187. 

4.1.2.13. (2Z,3E)-5′-bromo-3-(ethoxyimino)-[2,3′-biindolinylidene]-2′- 
one (4b). 1e (300 mg, 0.88 mmol) was used and 4b (90 mg, 26 %, red- 
brown solid) was obtained. mp 273–275 ℃. 1H NMR (400 MHz, 
DMSO‑d6) δ 11.68 (s, 1H), 10.84 (s, 1H), 8.81 (s, 1H), 8.07 (d, J = 8.0 
Hz, 1H), 7.42–7.37 (m, 2H), 7.25–7.23 (m, 1H), 7.03–6.99 (m, 1H), 6.80 
(d, J = 8.0 Hz, 1H), 4.60 (q, J = 8.0 Hz, 2H), 1.51 (t, J = 8.0 Hz, 3H). 13C 
NMR (100 MHz, DMSO‑d6) δ 170.8, 151.4, 145.7, 145.4, 137.9, 133.2, 
128.5, 128.5, 125.6, 124.8, 122.2, 116.4, 112.9, 112.4, 110.9, 99.1, 
72.6, 14.9. RP-HPLC (254 nm): 98 % (tR = 16.2 min). LC/MS (ESI, m/z) 
384 [M + H]+. HRMS (ESI): m/z [M + H]- calcd. for C18H15BrN3O2

-: 
384.0342, found: 384.0176. 

4.1.2.14. (2Z,3E)-3-(ethoxyimino)-5′-(trifluoromethyl)-[2,3′-biindolinyli-
dene]-2′-one hydrochloride (4c). 1 g (100 mg, 0.27 mmol) was used and 
4c (90 mg, 81 %, red-brown solid) was obtained. mp 317–319 ℃. 1H 
NMR (400 MHz, DMSO‑d6) δ 12.43 (s, 1H), 11.68 (s, 1H), 11.09 (s, 1H), 
9.41 (s, 1H), 8.14 (d, J = 7.6 Hz, 1H), 7.80 (d, J = 8.4 Hz, 1H), 7.45 (d, J 
= 4.0 Hz, 2H), 7.08–7.04 (m, 1H), 6.98 (d, J = 8.4 Hz, 1H), 4.74 (q, J =
7.2 Hz, 2H), 1.52 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, DMSO‑d6) δ 
171.56, 168.41, 151.30, 145.83, 145.37, 142.53, 133.22, 128.63, 
128.51, 125.44, 123.48, 122.67, 122.21, 116.57, 112.45, 108.94, 99.41, 
72.95, 15.19. RP-HPLC (254 nm): 95 % (tR = 8.2 min). LC/MS (ESI, m/z) 
374 [M− Cl]+. HRMS (ESI): m/z [M− H2− Cl]- calcd. for C19H13F3N3O2

-: 
372.0965, found: 372.0957. 

4.1.2.15. (2Z,3E)-6′-bromo-3-(propoxyimino)-[2,3′-biindolinylidene]-2′- 
one (5a). 1a (50 mg, 0.15 mmol) was used and 5a (28 mg, 46 %, red- 
brown solid) was obtained. mp 298–300 ℃. 1H NMR (400 MHz, 
DMSO‑d6) δ 11.71 (s, 1H), 10.91 (s, 1H), 8.54 (d, J = 8.4 Hz, 1H), 8.12 
(d, J = 7.2 Hz, 1H), 7.45 (d, J = 3.6 Hz, 2H), 7.17 (d, J = 8.4 Hz, 1H), 
7.08–7.04 (m, 2H), 4.58 (t, J = 6.4 Hz, 2H), 1.94–1.89 (m, 2H), 1.05 (t, J 
= 7.2 Hz, 3H). EA: C: 57.34, H: 4.13, N: 10.43. RP-HPLC (254 nm): 96 % 
(tR = 17.8 min). LC/MS (ESI, m/z) 398 [M + H]+. HRMS (ESI): m/z [M 
+ H]- calcd. for C19H17BrN3O2

-: 398.0499, found: 398.0346. 

4.1.2.16. (2Z,3E)-5′-bromo-3-(propoxyimino)-[2,3′-biindolinylidene]-2′- 
one (5b). 1e (300 mg, 0.88 mmol) was used and 5b (97 mg, 28 %, red- 
brown solid) was obtained. mp 246–248 ℃. 1H NMR (400 MHz, 
DMSO‑d6) δ 11.75 (s, 1H), 10.92 (s, 1H), 8.88 (d, J = 2.0 Hz, 1H), 8.13 
(d, J = 7.6 Hz, 1H), 7.46 (d, J = 4.0 Hz, 2H), 7.30 (dd, J = 8.4, 2.4 Hz, 
1H), 7.11–7.05 (m, 1H), 6.86 (d, J = 8.0 Hz, 1H), 4.57 (t, J = 6.8 Hz, 
2H), 2.03–1.94 (m, 2H), 1.07 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, 
DMSO‑d6) δ 170.95, 151.57, 145.82, 145.50, 137.99, 133.37, 128.59, 
128.54, 125.75, 124.95, 122.38, 116.55, 112.93, 112.56, 110.99, 99.19, 
78.52, 22.59, 10.66. RP-HPLC (254 nm): 98 % (tR = 17.9 min). LC/MS 
(ESI, m/z) 398 [M + H]+. HRMS (ESI): m/z [M + H]- calcd. for 
C19H17BrN3O2

-: 398.0499, found: 398.0341. 

4.1.2.17. (2Z,3E)-3-(propoxyimino)-5′-(trifluoromethyl)-[2,3′-biindoliny-
lidene]-2′-one hydrochloride (5c). 1 g (70 mg, 0.19 mmol) was used and 
5c (61 mg, 75 %, red-brown solid) was obtained. mp 313–315 ℃. 1H 
NMR (400 MHz, DMSO‑d6) δ 12.47 (s, 1H), 11.68 (s, 1H), 11.09 (s, 1H), 
9.41 (d, J = 1.2 Hz, 1H), 8.14 (d, J = 7.6 Hz, 1H), 7.80 (dd, J = 8.0, 1.6 
Hz, 1H), 7.46 (d, J = 4.0 Hz, 2H), 7.10–7.04 (m, 1H), 6.98 (d, J = 8.0 Hz, 
1H), 4.66 (t, J = 6.8 Hz, 2H), 1.99–1.89 (m, 2H), 1.04 (t, J = 7.4 Hz, 3H). 
13C NMR (100 MHz, DMSO‑d6) δ 171.55, 168.46, 151.28, 145.82, 
145.37, 142.53, 133.21, 128.65, 128.40, 125.45, 123.48, 122.66, 
122.25, 116.58, 112.48, 108.94, 99.40, 78.77, 22.77, 10.53. RP-HPLC 
(254 nm): 90 % (tR = 9.5 min). LC/MS (ESI, m/z) 388 [M− Cl]+. 
HRMS (ESI): m/z [M− H2− Cl]- calcd. for C20H15F3N3O2

-: 386.1122, 
found: 386.1119. 

4.1.2.18. (2Z,3E)-6′-bromo-3-(isopropoxyimino)-[2,3′-biindolinylidene]- 
2′-one (6a). 1a (80 mg, 0.23 mmol) was used and 6a (63 mg, 67 %, red- 
brown solid) was obtained. mp 304–306 ℃. 1H NMR (400 MHz, 
DMSO‑d6) δ 11.72 (s, 1H), 10.91 (s, 1H), 8.57 (d, J = 8.0 Hz, 1H), 8.13 
(d, J = 7.6 Hz, 1H), 7.44 (d, J = 3.6 Hz, 2H), 7.16 (d, J = 8.4 Hz, 1H), 
7.08–7.04 (m, 2H), 4.91–4.86 (m, 1H), 1.50 (d, J = 6.0 Hz, 6H). EA: C: 
57.33, H: 4.16, N: 10.66. RP-HPLC (254 nm): 98 % (tR = 17.4 min). LC/ 
MS (ESI, m/z) 398 [M + H]+. HRMS (ESI): m/z [M + H]- calcd. for 
C19H17BrN3O2

-: 398.0499, found: 398.0327. 

4.1.2.19. (2Z,3E)-5′-bromo-3-(isopropoxyimino)-[2,3′-biindolinylidene]- 
2′-one (6b). 1e (70 mg, 0.20 mmol) was used and 6b (44 mg, 54 %, red- 
brown solid) was obtained. mp 311− 313℃. 1H NMR (400 MHz, 
DMSO‑d6) δ 11.75 (s, 1H), 10.89 (s, 1H), 8.90 (d, J = 2.0 Hz, 1H), 8.13 
(d, J = 7.6 Hz, 1H), 7.45 (d, J = 4.0 Hz, 2H), 7.30 (dd, J = 8.0, 2.0 Hz, 
1H), 7.10–7.04 (m, 1H), 6.86 (d, J = 8.4 Hz, 1H), 4.91–4.81 (m, 1H), 
1.56 (d, J = 6.4 Hz, 6H). 13C NMR (100 MHz, DMSO‑d6) δ 170.98, 
151.41, 145.76, 145.63, 137.93, 133.32, 128.65, 128.55, 125.54, 
125.02, 122.38, 116.62, 112.96, 112.52, 111.03, 99.03, 79.29, 21.80 
(2). RP-HPLC (254 nm): 97 % (tR = 17.6 min). LC/MS (ESI, m/z) 398 [M 
+ H]+. HRMS (ESI): m/z [M + H]- calcd. for C19H17BrN3O2

-: 398.0499, 
found: 398.0358. 

4.1.2.20. (2Z,3E)-3-(isopropoxyimino)-5′-(trifluoromethyl)-[2,3′-biindoli-
nylidene]-2′-one hydrochloride (6c). 1 g (70 mg, 0.19 mmol) was used 
and 6c (66 mg, 79 %, red-brown solid) was obtained. mp 321–323 ℃. 1H 
NMR (400 MHz, DMSO‑d6) δ 12.42 (s, 1H), 11.72 (s, 1H), 11.09 (s, 1H), 
9.40 (d, J = 1.2 Hz, 1H), 8.15 (d, J = 7.6 Hz, 1H), 7.80 (dd, J = 8.4, 1.6 
Hz, 1H), 7.45 (d, J = 4.0 Hz, 2H), 7.09–7.05 (m, 1H), 6.98 (d, J = 8.0 Hz, 
1H), 5.05–4.95 (m, 1H), 1.53 (d, J = 6.0 Hz, 6H). 13C NMR (100 MHz, 
DMSO‑d6) δ 171.57, 168.42, 151.09, 145.75, 145.48, 142.45, 133.17, 
128.57, 128.54, 125.29, 123.51, 122.72, 122.24, 116.62, 112.46, 
108.95, 99.19, 79.59, 21.97(2). RP-HPLC (254 nm): 95 % (tR = 9.3 min). 
LC/MS (ESI, m/z) 388 [M− Cl]+. HRMS (ESI): m/z [M + H]+ calcd. for 
C20H16F3N3O2

-: 388.1267, found: 388.1282. 

4.1.2.21. (2Z,3E)-6′-bromo-3-(isobutoxyimino)-[2,3′-biindolinylidene]- 
2′-one (7a). 1a (50 mg, 0.15 mmol) was used and 7a (12 mg, 20 %, red- 
brown solid) was obtained. mp 280–282 ℃. 1H NMR (400 MHz, 
DMSO‑d6) δ 11.71 (s, 1H), 10.91 (s, 1H), 8.54 (d, J = 8.4 Hz, 1H), 8.11 
(d, J = 7.2 Hz, 1H), 7.45 (d, J = 4.0 Hz, 2H), 7.18 (d, J = 8.4 Hz, 1H), 
7.06–7.03 (m, 2H), 4.42 (d, J = 6.4 Hz, 2H), 2.26–2.19 (m, 1H), 1.06 (d, 
J = 6.4 Hz, 6H). EA: C: 58.34, H: 4.32, N: 10.33. RP-HPLC (254 nm): 98 
% (tR = 19.2 min). LC/MS (ESI, m/z) 412 [M + H]+. HRMS (ESI): m/z 
[M− H]- calcd. for C20H17BrN3O2

-: 410.0510, found: 410.0507. 

4.1.2.22. (2Z,3E)-5′-bromo-3-(isobutoxyimino)-[2,3′-biindolinylidene]- 
2′-one (7b). 1e (70 mg, 0.20 mmol) was used and 7b (74 mg, 92 %, red- 
brown solid) was obtained. mp 269–271 ℃. 1H NMR (400 MHz, 
DMSO‑d6) δ 11.74 (s, 1H), 10.89 (s, 1H), 8.87 (s, 1H), 8.12 (d, J = 7.6 
Hz, 1H), 7.46 (d, J = 4.0 Hz, 2H), 7.30 (d, J = 8.4 Hz, 1H), 7.10–7.07 (m, 
1H), 6.86 (dd, J = 8.0, 0.8 Hz, 1H), 4.41 (d, J = 6.0 Hz, 2H), 2.38–2.30 
(m, 1H), 1.07 (t, J = 3.2 Hz, 6H). 13C NMR (100 MHz, DMSO‑d6) δ 
170.91, 151.51, 145.82, 145.47, 137.97, 133.38, 128.59, 128.41, 
125.74, 124.92, 122.41, 116.52, 112.90, 112.59, 110.99, 99.18, 83.30, 
28.43, 19.29(2). RP-HPLC (254 nm): 91 % (tR = 19.8 min). LC/MS (ESI, 
m/z) 412 [M + H]+. HRMS (ESI): m/z [M− H]- calcd. for C20H17BrN3O2

-: 
410.0510, found: 410.0491. 

4.1.2.23. (2Z,3E)-3-(isobutoxyimino)-5′-(trifluoromethyl)-[2,3′-biindoli-
nylidene]-2′-one hydrochloride (7c). 1 g (60 mg, 0.16 mmol) was used 
and 7c (63 mg, 80 %, red-brown solid) was obtained. mp 308–310 ℃. 1H 
NMR (400 MHz, DMSO‑d6) δ 12.50 (s, 1H), 11.69 (s, 1H), 11.09 (s, 1H), 
9.42 (d, J = 1.2 Hz, 1H), 8.13 (d, J = 8.0 Hz, 1H), 7.80 (dd, J = 8.4, 1.6 
Hz, 1H), 7.46 (d, J = 3.2 Hz, 2H), 7.12–7.05 (m, 1H), 6.98 (d, J = 8.0 Hz, 
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1H). 4.52 (d, J = 6.8 Hz, 2H), 2.31–2.24 (m, 1H), 1.04 (d, J = 6.8 Hz, 
6H). 13C NMR (100 MHz, DMSO‑d6) δ 171.55, 168.51, 151.21, 145.83, 
145.38, 142.54, 133.23, 128.67, 128.28, 125.48, 123.47, 122.66, 
122.30, 116.59, 112.52, 108.94, 99.40, 83.52, 28.55, 19.22(2). RP- 
HPLC (254 nm): 91 % (tR = 10.7 min). LC/MS (ESI, m/z) 402 
[M− Cl]+. [M + H]+ calcd. for C21H18F3N3O2

-: 402.1424, found: 
402.1445. 

4.1.2.24. (2Z,3E)-3-((benzyloxy)imino)-6′-bromo-[2,3′-biindolinylidene]- 
2′-one (8a). 1a (80 mg, 0.23 mmol) was used and 8a (73 mg, 56 %, red- 
brown solid) was obtained. mp 277–279 ℃. 1H NMR (400 MHz, 
DMSO‑d6) δ 11.66 (s, 1H), 10.88 (s, 1H), 8.31 (d, J = 8.4 Hz, 1H), 8.17 
(d, J = 7.6 Hz, 1H), 7.59 (d, J = 7.6 Hz, 2H), 7.47–7.37 (m, 5H), 
7.05–6.99 (m, 3H), 5.63 (s, 2H). EA: C: 61.93, H: 3.64, N: 9.40. RP-HPLC 
(254 nm): 99 % (tR = 16.8 min). LC/MS (ESI, m/z) 446 [M + H]+. HRMS 
(ESI): m/z [M + H]- calcd. for C23H17BrN3O2

-: 446.0499, found: 
446.0336. [M + H]+ calcd. for C20H16F3N3O2

-: 388.1267, found: 
388.1282. 

4.1.2.25. (2Z,3E)-3-((benzyloxy)imino)-5′-bromo-[2,3′-biindolinylidene]- 
2′-one (8b). 1e (150 mg, 0.44 mmol) was used and 8b (35 mg, 18 %, 
red-brown solid) was obtained. mp 302–304 ℃. 1H NMR (400 MHz, 
DMSO‑d6) δ 11.61 (s, 1H), 10.84 (s, 1H), 8.33 (d, J = 8.0 Hz, 1H), 8.14 
(d, J = 8.0 Hz, 1H), 7.55 (d, J = 8.0 Hz, 2H), 7.46–7.29 (m, 5H), 
7.06–6.97 (m, 1H), 6.90–6.80 (m, 2H), 5.60 (s, 2H). EA: C, 61.01; H, 
3.39; N, 10.17. RP-HPLC (254 nm): 99 % (tR = 17.3 min). LC/MS (ESI, 
m/z) 446 [M + H]+. HRMS (ESI): m/z [M− H]- calcd. for C23H15BrN3O2

-: 
444.0353, found: 444.0326. 

4.1.2.26. (2Z,3E)-3-((benzyloxy)imino)-5′-(trifluoromethyl)-[2,3′-biindo-
linylidene]-2′-one hydrochloride (8c). 1 g (70 mg, 0.19 mmol) was used 
and 8c (75 mg, 78 %, red-brown solid) was obtained. mp 317–319 ℃. 1H 
NMR (400 MHz, DMSO‑d6) δ 12.55 (s, 1H), 11.66 (s, 1H), 11.11 (s, 1H), 
9.52 (s, 1H), 8.14 (d, J = 7.6 Hz, 1H), 7.83 (d, J = 8.0 Hz, 1H), 7.62 (d, J 
= 8.0 Hz, 2H), 7.45–7.34 (m, 5H), 7.07–7.04 (m, 1H), 6.99 (d, J = 8.0 
Hz, 1H), 5.78 (s, 2H). 13C NMR (100 MHz, DMSO‑d6) δ 13C NMR (100 
MHz, DMSO‑d6) δ 171.51, 168.49, 151.88, 145.97, 145.14, 142.64, 
137.31, 133.42, 129.05(2), 128.92(2), 128.88, 128.83, 128.54, 125.57, 
123.47, 122.60, 122.30, 116.57, 112.54, 109.01, 99.72, 79.04. RP-HPLC 
(254 nm): 94 % (tR = 10.1 min). LC/MS (ESI, m/z) 434 [M− H2− Cl]-. [M 
+ H]+ calcd. for C24H16F3N3O2

-: 436.1267, found: 436.1284. 

4.2. Inhibition of GSK-3β 

All compounds were prepared to 50x final assay concentration in 100 
% DMSO. This working stock of the compound was added to the assay 
well as the first component in the reaction. GSK-3β (human) was incu-
bated with 8 mM MOPS pH 7.0, 0.2 mM EDTA, 20 μM 
YRRAAVPPSPSLSRHSSPHQS(p) EDEEE (phospho GS2 peptide), 10 mM 
Magnesium acetate and [8-33P]-ATP (specific activity and concentra-
tion as required). Kinases are diluted in the buffer (20 mM MOPS, 1 mM 
EDTA, 0.01 % Brij-35, 5 % Glycerol, 0.1 % 5-mercaptoethanol, and 1 
mg/mL BSA) shown below prior to addition to the reaction mix. The 
reaction was initiated by the addition of the Mg/ATP mix. This assay was 
conducted at a concentration within 15 μM of the apparent KM for ATP. 
After incubation for 40 min at room temperature, the reaction was 
stopped by the addition of phosphoric acid to a concentration of 0.5 %. 
10 μL of the reaction was then spotted onto a P30 filtermat and washed 
four times for 4 min in 0.425 % phosphoric acid and once in methanol 
prior to drying and scintillation counting. Positive control (Staur-
osporin) wells contained all components of the reaction. DMSO (at a 
final concentration of 2 %) was included in these wells to control for 
solvent effects. Blank wells contained all components of the reaction, 
with a reference inhibitor replacing the compound of interest. This 
abolished kinase activity and established the base-line (0 % kinase 

activity remaining). The blank wells were generated by omitting the 
enzyme. These experiments were performed at Eurofins Cerep SA (Celle 
L’Evescault, France). 

4.3. Inhibition of CXXC5-Dvl interaction 

100 μL of 5 mg/ml purified Dvl PDZ domain was added into each 
well of a 96-well Black Immunoplate (SPL, Seoul, Korea) and incubated 
overnight in a 4 ◦C chamber. After washing with PBS, 100 μL of 10 μM 
PolyR-DBM [10] was added to each well and incubated for 4 h. After 
washing three times with binding buffer (1 mM ethylenediaminetetra-
acetic acid (EDTA) and 2 mM dithiothreitol (DTT) in PBS), 1 μL of small 
molecule compound was treated with 100 μL of PBS in each well and 
incubated for 2 – 3 h at room temperature. After washing with binding 
buffer, the fluorescence in each well was measured using a Fluorstar 
Optima microplate reader (BGM Lab Technologie, Ortenberg, 
Germany). 

4.4. Wnt signaling 

HEK293-TOP cells were seeded into 24-well plates at a density of 1 ×
105 cells per well. The cells were treated with the indicated concentra-
tions of each compound and incubated for 24 h. The cells were then 
harvested using ice-cold phosphate-buffered saline (PBS) and lysed in 
100 μL of Reporter Lysis Buffer (Promega, Madison, US) according to the 
manufacturer’s instructions. After centrifugation, the luciferase activity 
was measured using 35 μL of the supernatant. The relative luciferase 
activity was normalized to that of the DMSO-treated control. HEK293- 
TOP cells (HEK293 cells containing the chromosomally incorporated 
TOPFlash gene) were provided by Dr. S Oh (Kook Min University, 
Korea). 

4.5. Western blotting assays 

Cells were lysed in ice-cold RIPA lysis buffer consisting of 50 mM 
Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM EDTA, 1 % Triton X-100, 0.1 % 
SDS, 0.5 % Sodium deoxycholate, and Complete™ EDTA-free Protease 
Inhibitor Cocktail (Roche Diagnostics, Indianapolis, IN, USA). Protein 
samples (15 – 30 μg) were electrophoresed in 10 % SDS–polyacrylamide 
gels and then transferred to nitrocellulose membranes (Amersham 
Pharmacia Biotech, Amersham, UK). After blocking with 5 % non-fat 
dried milk for 1 h, membranes were incubated with mouse anti-β-cat-
enin (1:1000 dilution; #610154; BD Bioscience, Cowey, UK) and mouse 
anti-α-Tubulin (1:3000 dilution; #3873; (Cell Signalling Technology, 
Beverly, MA, USA) primary antibodies, followed by an HRP-conjugated 
secondary antibody (1:2000; Jackson ImmunoResearch, West Grove, 
PA, USA). Specific bands were detected by enhanced chem-
iluminescence (Thermo Fisher Scientific, Rockford, IL, USA). 

4.6. Cell cytotoxicity assay 

TOPflash HEK-293 cells were seeded at a density of 2.5 × 104 cells in 
each well of 96-well plates and treated with the indicated concentrations 
of each compound for 24 h. The cells were then incubated with MTT (3- 
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma- 
Aldrich, St Louis, MO, USA) solution at 37 ◦C for 2 h. Dark brown for-
mazan crystals formed after the reduction of tetrazolium by the mito-
chondria of living cells dissolved in DMSO, and the optical densities of 
samples were read at 570 nm with a FLUOstar Optima microplate reader 
(BGM Lab Technologie, Ortenberg, Germany). The assay was carried out 
in triplicate. 

4.7. Docking study 

All the molecular docking analysis took Discovery Studio 2020 
software (Biovia) adopting the CHARMm force field. X-ray crystal or 
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NMR structures of GSK-3β and Dvl protein (Protein Data Bank code 
1UV5, 6LCB, and 2KAW) was obtained from the RCSB protein databank 
and was refined to remove water molecules and add hydrogen atoms to 
the entire enzyme. To dock the ligands, Ligandfit (PDB ID: 1UV5 and 
6LCB) and CDOCKER (PDB ID: 2KAW) docking method was performed. 
The crystallographic ligand BIO (6-Bromoindirubin-3′-oxime, PDB ID: 
BRW), NPL3009 (2-[[3-[(2E)-2-[1,3-bis(oxidanylidene)-1-phenyl- 
butan-2-ylidene]hydrazinyl]phenyl]sulfonylamino]benzoic acid, PDB 
ID: E83), and sulindac (PDB ID: SUZ [30]) were used to determine the 
binding site of 1UV5 and 2KAW, respectively. Compounds were docked 
to the binding site of proteins and 30 poses were generated for each. 
Based on the docking results, binding energy the most predictive binding 
mode were calculated. To compare the sequences and 3D-stuructures 
(PDB ID: 2KAW and 6LCB), Superimpose proteins were performed by 
sequence alignment, C-alpha pairs, and tethers 

4.8. Microsomal stability 

4.8.1. Method 1 
Microsomal incubations were conducted in triplicate in 0.1 M po-

tassium phosphate buffer (pH 7.4) in eight-well tube strips. To study 
NADPH-dependent metabolic stability, test compounds (1 mm) were 
incubated with pooled human liver microsomes at a final concentration 
of 0.5 mgmL-1 (Corning, NY, USA), in the presence of NADPH in a final 
volume of 160 mL. Verapamil was used as a reference. The test com-
pounds and microsomes were pre-incubated at 37 ◦C for 5 min, and the 
reaction was initiated by adding NADPH. The reaction was terminated at 
0 min and 30 min by the addition of 160 mL of ice-cold chlopropamide 
and CH3CN. The values for % remaining were analyzed by a liquid 
chromatography mass spectrometry (LC-MS/MS, Nexera XR system 
(Shimadzu) and TSQ vantage (Thermo)) for quantitation of compounds. 
These experiments were performed at the DGMIF new drug develop-
ment center (Daegu, Korea). 

4.8.2. Method 2 
Liver S9 incubations were conducted in 50 mM Tris buffer (pH 7.4) in 

cluster tubes (n = 3). Test substance was dissolved in methanol to a 
concentration of 10 mM and diluted to a concentration of 120 μM using 
50 % aqueous ethanol. 5 μL of test substance was mixed with a solution 
containing 10 μL of liver S9 fractions, 40 μL of 1 M Tris buffer (pH 7.4) 
containing 10 mM MgCl2 and 125 μg/mL alamethicin and 125 μL of de- 
ionized water. The final incubation mixture contained 200 mM Tris-HCl 
(pH 7.4), 1 mg protein/mL liver S9 fractions, 3 μM test substance, 25 μg/ 
mL alamethicin, 8 mM MgCl2. The reaction was initiated by adding 20 
μL of 10 mM NADPH, 5 mM UDPGA, 1 mM PAPS and 25 mM GSH 
mixture dissolved in de-ionized water and the final concentration of 
cofactors in the mixture were 1 mM NADPH, 0.5 mM UDPGA, 0.1 mM 
PAPS and 2.5 mM GSH, respectively. The reaction was terminated at 
selected times (0 and 60 min) by the addition of 200 µL ice-cold 
acetonitrile containing diclofenac (500 ng/mL) as the internal stan-
dard for sample analysis. All samples were vortexed, sonicated, and 
centrifuged at 3000 xg for 20 min and the supernatant was analyzed by 
Agilent 6530 Q-TOF LC-MS/MS system in a positive auto MS/MS scan 
mode. 

4.9. Plasma stability 

4.9.1. Method 1 
To study plasma stability, test compounds (10 μM) were incubated 

with pooled human plasma (Sigma–Aldrich, MO, USA). Procaine and 
Enalapril were used as negative and positive controls. The test com-
pounds and plasma were pre-incubated at 37 ◦C for 0, 30, and 120 min. 
The reaction was terminated at 0, 30, and 120 min by the addition of 
160 mL of ice-cold chlopropamide and CH3CN. The values for % 
remaining were analyzed by a liquid chromatography mass spectrom-
etry (LC-MS/MS, Nexera XR system (Shimadzu) and TSQ vantage 

(Thermo)) for quantitation of compounds. These experiments were 
performed at the DGMIF new drug development center (Daegu, Korea). 

4.9.2. Method 2 
Human (IPLANAH) plasma was purchased from Innovative Research 

(Novi, Michigan, US). The Plasma samples were diluted 2-fold with 0.1 
M phosphate buffer (pH 7.4). Test substance was dissolved in DMSO to a 
concentration of 10 mM and diluted to a concentration of 120 μM using 
water. 5 μL of test substance solution was added to plasma to a final 
volume of 200 μL and a final concentration of test substance was 3 μM. 
The reaction was terminated at selected times (0 and 60 min) by the 
addition of 200 µL ice-cold acetonitrile containing diclofenac (500 ng/ 
mL) as the internal standard for sample analysis All samples were vor-
texed, sonicated, and centrifuged at 3000 xg for 30 min and the super-
natant was analyzed by Agilent 6530 Q-TOF LC-MS/MS system in a 
positive auto MS/MS scan mode. 

4.10. In vitro migration assay for wound healing 

HaCaT cells, a human keratinocyte cell line, were cultured in Dul-
becco’s modified Eagle’s medium (DMEM, Gibco, USA) supplemented 
with 10 % fetal bovine serum (FBS, Gibco) and 1 % penicillin/strepto-
mycin (Gibco). The cells were seeded into 12-well plates at a density of 
4 × 105 cells per well and incubated for 24 h at 37 ℃ in a humidified 
atmosphere containing 5 % CO2. After incubation for 24 h, the cells were 
scratched in the middle of the cells using a 1000p tip. The scratched cells 
were treated with indirubin or indirubin derivates at a concentration of 
1 μM. The cells treated with 0.1 % dimethyl sulfoxide (DMSO, Sigma, 
USA) were used as a negative control. The migrated cells were stained 
with 0.1 % crystal violet solution (Sigma, USA) at 24 h after treatment, 
and the relative wound healing rate was determined by wound area 
measured using Image J program. 

4.11. Immunofluorescence staining 

HaCaT cells were seeded at a density of 1 × 105 cells on coverslips in 
24-well plates and treated with 1 μM indirubin or indirubin derivates for 
24 hrs. Cells were fixed with 4 % (w/v) paraformaldehyde in phosphate- 
buffered saline (PBS) for 20 min and then washed three times with 0.1 % 
(w/v) BSA in PBS at room temperature. After blocking with 5 % BSA in 
PBS containing 0.3 % (v/v) Triton X-100 for 1 h at room temperature, 
cells were immunostained with rabbit polyclonal anti-β-Catenin primary 
antibody (#ab16051, 1:500 dilution, Abcam, Cambridge, UK) at 4 ◦C 
overnight. Subsequently, cells were washed three times with PBS and 
then labeled with 1:500 dilution of Alexa Fluor® 594-conjugated 
donkey anti-rabbit IgG (H + L) secondary antibody (#A-21207, 
Sigma-Aldrich, St Louis, MO, USA) for 1 h, before mounting with Vec-
tashield mounting medium (Vector Laboratories, Burlingame, CA, USA) 
containing 4,6-diamidino-2-phenylindole (DAPI). Immunoreactive cells 
were detected and photographed using an epifluorescence microscope 
(Nikon Instruments, Melville, NY, USA) at magnifications ranging from 
20 × to 40 × . 

4.12. Statistical analyses 

All quantitative data are expressed as means ± standard error of the 
mean (SEM). In each experiment, all measurements were performed at 
least in triplicate. Data were analyzed using a two-tailed, unpaired 
Student’s t-test and values of P < 0.05 were considered statistically 
significant. 
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