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Bisindolylmaleimide (BIM)-type compounds arise from natural sources such as arcyriarubin and are
biosynthetically related to indolocarbazoles. BIMs are commonly the immediate synthetic precursors of
indolocarbazoles, lacking a central bond between the two aromatic units and making them more flexible and drug-
like. Synthetic endeavours within this class of compounds are broad and have led to the development of both
remarkably potent and selective protein kinase inhibitors. Clinical BIM examples include ruboxistaurin and
enzastaurin, which are highly active inhibitors of protein kinase C-3. While BIMs are widely recognised as protein
kinase inhibitors, other modes of activity have been reported, including the inhibition of calcium signalling and
antimicrobial activity. BIMs can be highly functionalised or chemically manipulated, which provides the opportunity
to generate new derivatives with unique biological profiles. Critically, structural differences can be used to exploit

new bioactivity and therefore it is imperative to discover new chemical entities to address new targets.

indole bisindolyl maleimide BIM kinase inhibition bioactivity derivatives

| 1. Introduction

Bisindolylmaleimides (BIMs) are widely recognised for their activity against protein kinases and from a synthetic
perspective can be highly functionalised or chemically manipulated. This provides the opportunity to generate novel
analogues and derivatives with unique biological profiles. Although BIMs show significant activity themselves and
serve as targets in their own right, they are also important precursors in the synthesis of the indolocarbazole

compound class.

Over the years, bisindolylmaleimides have been identified as reference compounds to benchmark a number of
bioassays, including kinase inhibition, and a summary of their structure and diversity is shown in Figure 1 11, It is
evident that the maleimide functional group is key to their activity, with only one (BIM-V) N-alkylated at this position.
It is also clear that alkylation of the indole nitrogens (one or both) contributes important characteristics to BIM

activity.
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Figure 1. Bisindolylmaleimide structures (I-XI and Ruboxistaurin).

| 2. Bisindolylmaleimides (BIMs) and BIM-Type Inhibitors

Arcyriarubin A (BIM-1V) is the simplest bisindolylmaleimide that belongs to the family of pigments, arcyriarubin A-C
(Figure 2). It was isolated from the Myxomycetes slime moulds by Steglich et al. in 1980 [2. BIM-IV was a potent
sub-micromolar inhibitor of protein kinase C and exhibited micromolar inhibition against seven of the other PKC
isoenzymes. Fabre et al. investigated the influence of the maleimide headgroup on BIM-IV against PKC and PKA
by comparison with the succinimide 79 and the lactam derivative 80 . Both 79 and 80 were determined to have
low inhibitory activity compared to BIM-IV against both PKC and PKA (Figure 2).
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Compound PKC ICso (uM) PKA 1Cso (uM)
BIM-IV 0.087 2.7

79(X,Y =0) >50 100

80 (X, Y=H) =50 =50

81 2.5 32

Figure 2. Kinase inhibition of Arcyriarubin A (BIM-IV) and derivatives.

In subsequent studies, lactam 81 exhibited more potent activity against PKC than against PKA in micromolar
concentrations 4B, These studies reveal the critical nature of the maleimide ring to the kinase inhibition of
arcyriarubin A (BIM-IV). Additional antimicrobial screening of BIM-IV revealed that unlike the indolocarbazoles
staurosporine and K-252a, it inhibited sporulation and inhibited the growth of Streptomyces chartreusis and

Streptomyces griseus 8,

Interest subsequently shifted towards N-alkylated indole subunits to further probe kinase inhibition. In 1990, Toullec
et al. investigated the activity of the bisindolylmaleimide GF109203X (BIM-I) against PKC and five other protein
kinases (Figure 3) 7.

Protein Kinase [Cso (M)
PRC-a (0.020
PRC-, 0.017
PRC-[. 0.016
BIM-I PRC-y 0.020
~g (GF109203X)

Figure 3. Selective PKC inhibitor GF109203X (BIM-I).

GF109204X (BIM-I) was quickly recognized as an inhibitor of specific PKC isoforms at nanomolar concentrations
(Figure 3). It was also discovered as a competitive inhibitor of ATP (K; = 14 nM) and it efficiently halted PKC-

mediated phosphorylation and successfully inhibited collagen-triggered ATP secretion and collagen- and thrombin-
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induced platelet aggregation. As well as being used as a standard molecular tool to explore the role of PKC in
disease, more recently GF109203X has been identified as a potent agonist of [-catenin accumulation in
preosteoblast cells, promoting osteoblast differentiation and bone formation (through suppression of GSK-3f3
kinase) B8, Another new application was identified in 2017 in the inhibition of exosome and microvesicle release

to improve the efficiency of cancer treatment 29,

In 2005, Graff et al. reported the dialkylated bisindolylmaleimide enzastaurin (LY317615.HCI) (57) as an ATP-
competitive inhibitor of PKC (Figure 4). It was found to exhibit potent activity against the PKC isoforms a, (3, y and
g, with some selectivity reported for PKC-B . The interaction between PKC and the phosphatidylinositol 3-kinase
(PI3K)/AKT pathway is consistent with the fact that 57 interferes with AKT pathway signalling and acts through
mechanisms with both direct and indirect antitumour effects, such as the direct induction of apoptosis and
suppression of tumour cell proliferation, or by indirectly halting tumour-induced angiogenesis 12. In early clinical
trials, enzastaurin (57) was reported as an oral serine/threonine kinase inhibitor which selectively targets PKC-3
and the PI3/AKT signalling pathways. Enzastaurin suppressed angiogenesis with a reduction in the growth of
human glioblastoma and colon carcinoma xenografts [11. The drug was granted orphan drug status for the
treatment of diffuse large B-cell lymphoma (DLBCL) in 2007; clinical trials were halted after limited efficacy as a

monotherapy for cancer was reported 11131,

Protein Kinase 1Cs (M)
PKC-at 0.039
PKC-B 0.006
PKC-y 0.083
PKC-¢ 0.017
N
N*‘-.
\ . 57

Figure 4. Enazastaurin (57) and its inhibitory profile against PKC.

Having completed phase llI, no toxicity was reported when used for the treatment of solid tumours and hematologic
malignancies involving >3000 patients, and thus enzastaurin has a well-mapped safety profile. This has led to a
focus on drug repurposing and licensing for specific uses under various names (ENZA, DB102, AR101 and
Kinenza). In 2020, enzastaurin was granted Fast Track designation by the FDA for the treatment of newly
diagnosed glioblastoma multiforme with biomarker DGM1 (ENGINE clinical trial in combination with R-CHOP and

the ENGAGE clinical trial with Temozolomide), and in 2022 it was granted orphan drug status in the US and safe-

https://encyclopedia.pub/entry/49082 4/17



Bioactivity of Bisindolylmaleimides and Derivatives | Encyclopedia.pub

to-proceed through the PREVENt clinical trial for patients with COL3A1 mutation with vascular Ehlers—Danlos

Syndrome L4I3I18I17] 1t js clear that Enzastaurin has a clinical role to play in future.

Expanding on the theme of N-alkylation, macrocyclic bisindolylmaleimides were investigated (Figure 5). Initially,
the N—N' bridged alcohol 60 (LY326449) was prepared 18l Although there was a noticeable improvement in activity
against PKC-a and PKC-[3, and it showed >10,000-fold selectivity for PKC over PKA, it did not progress to the
clinic 221, Subsequent incorporation of dimethylamine led to the important discovery of ruboxistaurin (LY333531)
(61). This compound was found to be a potent and selective nanomolar inhibitor of PKC-f3,. Given these significant
results, the activity of 61 was evaluated against other PKC isoforms, but potent inhibition was only reported for
PKC-B; (ICso = 0.0047 uM) 29, |t was found to interact at the ATP binding site to disrupt the phosphotransferase
activity of novel and conventional PKC isoforms [21],

Compound PKC-a ICs0 (uM) PKC-B2 ICso (uM)
60 0.55 0.032
61 0.36 0.0059

Figure 5. Ruboxistaurin (61) and its derivative 60.

Further studies with 61 revealed that PKC activation of the [ isoenzyme, in particular, contributes to vascular
complications, including hemodynamic changes associated with diabetes, and thus PKC-f inhibition may be a
promising approach. The efficacy of ruboxistaurin was evaluated for an anticancer effect as a combination therapy,
which led to the enhanced activity of paclitaxel but also carmustine and when co-administered with 61 in separate
assays. It progressed to phase 1 oncology trials and phase 2/3 for diabetic neuropathy, with no further progress
reported after 2006, and a withdrawal report was issued in 2007 [2212324] However, as with enzastaurin, artificial
intelligence has identified new applications and ruboxistaurin is currently under evaluation by Dermbiont (as DBI-
102, a topical application for hyperpigmentation) and Recursion (as REC-3599 for the treatment of Tay—Sachs

disease or GM2 gangliosidosis) 23],

Kuo et al. investigated the inhibition of PKC-y in order to access new therapies for chronic pain 28 and macrocyclic

bisindolylmaleimides that mimic ruboxistaurin (61) with the incorporation of the 7-azaindole moiety were reported
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(Figure 6). Initially, the bisindole system and mono-7-azaindole derivatives were prepared and evaluated.

Following this, bis-7-azaindolylmaleimide was generated with ether chains of varying lengths (n).

C ) e

Compound |n | X |Y | PKC-yIGCs (uM) | GSK-3B ICs0 (uUM)
82 1 |CH|CH]|273+0.21 0.136 + 0.019
83 2| CH|CH|120+0.12 0.022 + 0.011
84 1[N [CH]267+0.19 0.026 + 0.006
85 2| N |CH|134+0.16 0.017 + 0.004
86 1IN |N |>10 0.620 + 0.042
66 2| N |N [>10 0.034 = 0.007
87 3|N |[N [=>10 0.048 + 0.008
88 4 | N N >10 0.403 £ 0.108

Figure 6. Macrocyclic mono- and bis-azaindolylmaleimides and kinase inhibition.

Upon evaluation of their activity, 61 was still more potent for PKC-y (IC5g = 0.3 pM) than any of the macrocyclic
candidates in this synthetic library (Figure 6). The most interesting finding was the potency against GSK-33 at sub-
micromolar concentrations. By introducing the bis-7-azaindole core (86 and 66), the activity shifted towards
exclusive GSK-3[ inhibition and lead compound 66 showed nanomolar inhibition of GSK-33 (IC5q = 0.034 uM).
Although a slight extension of the macrocyclic chain retained activity, longer chains, e.g., 88 (where n = 4),

significantly diminished activity against GSK-3[3.

Following further evaluation of 66, no competing activity for other protein kinases was identified, with the PKC-3,
isoenzyme as the only exception (Figure 7). Lead compounds 66 and 87 were further screened in a broad 51-
protein kinase assay to assess their degree of selectivity. They both exhibited minimal or no inhibition of other
kinases in the screen, effectively inhibiting GSK-3[3 activity by 100% at 10 uM and identified as potential specific
GSK-3p inhibitors. A glycogen synthase (GS) assay was also conducted to compare the activity of known GSK-33
inhibitor LiCl with the two lead candidates. Both aza-compounds demonstrated greater potency than LiCl (ECgq >
3000 pM), where values of 0.06 uM and 0.39 uM were measured for 66 and 87, respectively. The selectivity and
potency demonstrated by these two aza-BIMs has led to a better understanding of GSK-3[3 in signalling pathways

associated with GSK-33-induced disorders and to the further development of BIM-like molecules.
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Protein Kinase 66 1C;0 (M)
GSK-3B 0.03
CDR1 =10
CDRK2 >10
VEGF-R =10
PRC-o =10
PRC-B 1.16
PRC-6@ =10
PKA >10

Figure 7. Kinase inhibitory profile of the macrocyclic bis-azaindolylmaleimide 66.

3. Selected Modified Indolylmaleimides:
Benzofuranylindolylmaleimides (BfIMs)

The initial incorporation of other aryl units, such as 7-azaindole, into the BIM frame proved effective in enhancing
inhibitory selectivity against kinases. Benzofuran was also an attractive heterocyclic component, which was initially
employed by Davis et al. to prepare the maleimide 89 24, Similar to the BIMs discussed earlier in the chapter,
capping the indole nitrogen with an N-methyl group increased potency for this novel class of
benzofuranylindolylmaleimides (BfIMs). Significant PKC inhibition (IC5q = 200 nM) was reported for this N-methyl
compound (Figure 8).

L2
R g9

Figure 8. First reported benzofuranylindolylmaleimide 89 and derivatives 69.

Over ten years later, Kozikowski et al. investigated a panel of 21 BfIM compounds and assessed their ability to
inhibit GSK-3p 28122, From a structural perspective, 5-, 6- and 7-substitution (R1) on the indole unit ranged from
halogens to bulky groups in order to gauge tolerance, the majority of candidates contained an N-methyl group on
the indole nitrogen (R2) and substituents were also installed on the benzofuran (R3) (Figure 8). Overall, there is
broad acceptance of substituents, aside from large steric bulk, and low nanomolar inhibition is seen with small

halogen and H-bonding groups on the indole. On the benzofuran unit, a 6-hydoxymethyl group elicited inhibition at
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sub-nanomolar concentrations. Two compounds in particular were explored further, methylenedioxy 70 (710 nM)
and di-halogenated indole BflIM 71, which demonstrated potent nanomolar inhibition of GSK-3 (3.5 nM). In order
to visualize binding in the active site, 71 was co-crystallized with the GSK-33 kinase, as shown in Figure 9. The
conformation of compound 71 in the active site is not planar, but rather, two heteroaromatic units that are
orientated parallel to one another. The maleimide headgroup is confirmed to H-bond to the protein backbone of
Aspl133 and Vall35 and given the orientation of the aromatic rings, there appears to be sufficient space for diverse

substituents, as seen in the GSK-3[ kinase inhibition measurements.

Figure 9. Crystal structure of GSK-3p inhibitor 71 in the active site (PDB: 3SDO).

Further analysis of compound 71, as well as the methylenedioxy compound 70, identified the relationship between

GSK-3p kinase inhibition and pancreatic cancer cell lines.

Although the methylenedioxy compound 70 was not the most potent compound, it was chosen as the clinical
candidate (9-ING-41) for its broad spectrum, pre-clinical antitumour activity 2. Orphan drug status was granted for
the BfIM 70 by the FDA for the treatment of neuroblastoma, as it is a potent growth suppressor of neuroblastoma
cells through GSK-3p inhibition. In 2018, the FDA approved this ATP-competitive inhibitor for phase I/1I clinical trials
for patients with advanced cancer (clinical trial no. NCT03678883) [l This therapeutic candidate exhibited

significant activity and low toxicity in both phase | and II, which have been successfully completed.

Following this, Jeffers et al. investigated 70 as a potential treatment for bleomycin-mediated pulmonary fibrosis
(PF) as myofibroblast differentiation and pulmonary fibrosis are induced by the GSK-3[ signalling pathway, ex vivo
and in vivo, respectively 32, It was discovered that the GSK-3p inhibitor significantly improved lung function in mice
treated with TGF- adenovirus and also bleomycin-induced PF mice models. In 2020, Anraku et al. reported a

broader antiproliferative scope of 9-ING-41 (70) against renal cancer cell lines B3, |t effectively induced cell cycle
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arrest and apoptosis as a single agent, but also proved effective in combination with standard therapies to improve
antitumour effects.

4. Selected Modified Indolylmaleimides:
Napthylindolylmaleimides (NIMs)

As seen earlier, the derivatisation of the BIM frame dates back to 1992 when Davis et al. replaced one of the indole
units with aryl components 24, A wide panel of compounds were generated with aryl systems, including substituted
phenyls, and thienyl and pyrrolyl groups. In 2006, Peifer et al. investigated arylindolyl-2,3-maleimides and
evaluated their antiangiogenic activity in an in vivo assay with chick embryos. As part of this synthetic panel,
naphthyl-containing maleimides were included to assess their inhibitory potential against protein kinases (Figure
10) B4l All compounds were screened against twelve kinases with close attention to CDKs and PKC isoenzymes.
Naphthylindolylmaleimide 73 was identified as a potent inhibitor of PKC-3; (IC5q = 2 nM).

Figure 10. Naphthylindolylmaleimides 73 and 78.

The NIMs were developed further in 2017 by van Eis et al. by modifying the naphthalene component at the 2-, 6-
and 7-positions to evaluate biological activity in T and B cell proliferation assays [22l. These were tested against the
conventional and novel PKC isotypes, and initial assessment of the 2,6-substituted naphthalenes yielded potent
PKC inhibition but little isoform selectivity. Movement of the dimethylamino methylene chain to the C7 position of
the naphthalene ring (78) yielded remarkable PKC-a (0.5 nM) and PKC-3 (0.7 nM) selectivity over PKC-9, €, n and
0 (>182 nM). Modification of the amine was detrimental to the activity and it was found that compound 78 provided

an optimal balance between potency and selectivity when screened against a broad panel of 136 kinases.

5. Recent Applications of Bisindolylmaleimides and
Derivatives

In recent years, non-PKC targeted effects for BIMs have come to the fore with a number of examples of
repurposing existing BIMs and the development of new BIMs to align with new targets. BIM-IX was identified by

Zhang et al. to affect drug-resistant chronic myeloid leukaemia (CML) by inhibiting DNA topoisomerase and
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inducing cell cycle arrest and cell death B8, It appears that BIM-IX is more effective than enzastaurin and other
BIMs against BCR-ABL positive and T315] mutated cells and maintains its effect on in vivo cancer models through

inhibition of topo lla and B-Raf.

On a similar note, both Li and Winfield et al. identified new BIM compounds with diverging activity. Li identified that
the active BIM 90 bound to the SH2 domain of STAT3, and that substitution of the maleimide NH with
hydroxymethyl eliminated this interaction, whereas Winfield identified that kinase inhibition could be modified by its
substitution to N-OH 91. In both papers, novel N-alkylated BIMs were identified to interact with STAT3 and kinases
through screening, and it is remarkable that the most active compounds contain alkyl nitrile substituents on the
indole nitrogens (90 and 91, Figure 11) BZI38] Again, moving away from PKC, Mayati et al. identified inhibition of
the organic cation transporter 1 (OCT1) by BIM-IX (Ro 31-8220). This has important considerations for the activity
of BIMs in drug-resistant cells and should especially be considered for other BIMs in relation to the likelihood of

cellular off-target effects 39,

90 91

R' = (CH,)sCN
R? = (CH5)sCN
R® = OH

R' = (CH,)3;CN
R? = (CH,)sCN
R3=H

Figure 11. BIMs modified at the indole and maleimide nitrogens 90 and 91.

Another example of new targets is the identification of BIMs as inhibitors of calmodulin protein ¥4, In this study,
standard BIM compound targets are summarised as in Table 1, and it is noted that most bioassays are conducted
where the reported effects could arise from interaction with more than one molecular target. In testing a series of
BIMs binding to calmodulin, BIM Il, IV, VII, X and XI were identified with nanomolar affinity and have the potential

as the starting point of new calmodulin inhibitors.

Table 1. Summary of proposed targets of BIM compounds used as standards [1271[36]141][42][43][44][45][46][47][48]

BIM Proposed Targets

BIM-I PKC, GSK-3B, 5-HT3, ABCG2, OCT-1, PDK1, MSK1, MAPKAP-K1, S6K1, Chk1, PKA, DYRK1
BIM-II PKC, ABCG2, OCT-1, PDK1, MSK1, MAPKAP-K1, PKA, DYRK1

BIM-IIl PKC, ABCG2, OCT-1, S6K1, MAPKAPK1, RSK2, MSK1, PDK1

BIM-IV PKC, PKA, MAPKAPK1, MSK1, ABCG2
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BIM Proposed Targets
BIM-V ABCG2, SK6
BIM-VI OCT-1
BIM-VII OCT-1

BIM- PKC, GSK-3p, carbachol-evoked noradrenaline release, OCT-1, PDK1, MSK1, S6K1, PKA, DYRK1,

Vil MAPKAPK1
BIM-IX PKC, GSK-3p3, MAPKAPK1, MSK1, OCT-1, S6K1
BIM-X Multiple Protein Kinases

BIM-XI PKC, T-cell activation
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