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In this work, we aimed to build a 3D-model of NIK and to study the binding of pyrazolo[4,3-
clisoquinolines with a view to highlight the structural elements responsible for their inhibitory potency.
However, in the course of this work, we unexpectedly found that the pyrazolo[4,3-c]isoquinolines
initially reported as NIK inhibitors were neither inhibitors of this enzyme nor of the alternative NF-«kB
pathway, but were in fact inhibitors of another kinase, the TGF-f3 activated kinase 1 (TAK1) which is
involved in the classical NF-kB pathway.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune disease
affecting around 1-2% of worldwide population. Patients with RA
have an increased risk of early death. This pathology is mainly
characterized by an uncontrolled proliferation and accumulation
of inflammatory cells within the synovial fluids, causing cartilage
and bone resorption. Many cell types contribute to the pathogen-
esis ranging from lymphocytes to stroma cells [1]. These cells
express a panel of inflammatory mediators that activate multiple
signaling pathways. Most of these signaling pathways lead to the
activation of the transcription factor NF-kB and MAPK cascade.

It was recently shown that two main pathways control the
activation of NF-kB. The first one, named classical NF-kB pathway,
is triggered by inflammatory cytokines such as TNFa or IL-1, or by
bacterial and viral proteins through pathogen-recognition recep-
tors (PRR) like TLRs and NLRs [2]. These inducers trigger the
recruitment of specific adaptor proteins to their cognate receptors,
which enable the activation of a cascade of kinases. Among them,
TGF-3 activated kinase 1 (TAK1) plays a key role at the crossroad of
the NF-kB and MAPK signaling pathways (Fig. 1). TAK1 was first
discovered as a TGF-3 activated kinase and is part of the MAP
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kinase subfamily [3]. However, recent studies showed that IL-13
and TNFa signaling pathways are affected in TAK1 KO mice [4,5].
TAK1 activates the IKK complex by phosphorylating the subunit
IKKPB and acts on MKK6 to trigger the activation of p38 and JNK
(Fig. 1). Upon TAK1 activation, the IKK complex phosphorylates
IkBa, the main inhibitor of the classical NF-kB pathway, releasing
NF-kB (e.g.; p50/p65), which finally, translocates into the nucleus
[6]. This pathway is activated within minutes and relies on the
indispensable adaptor protein NEMO, or IKKvy, holding together
IKKP and IKKa to form the IKK complex.

The second NF-kB pathway, called alternative NF-kB pathway,
is induced by a subset of TNFL family members as well as by some
viral proteins [7]. This pathway is dependent on the stabilization
and activation of the kinase NIK. The half-life of this particular
kinase is negatively controlled by TRAF-2, TRAF-3, c-IAP-1 and c-
IAP-2 [8,9]. Upon activation of receptors like CD40, BAFF or LT3R,
the inhibitory function of TRAF-2 and -3 is alleviated. Then,
stabilized NIK activates IKK« leading to the processing of p100 into
p52 [10-12]. The latter, in association with its main partner Rel-B,
fulfils non-redundant biological functions such as secondary
lymphoid organ development and induction of specific chemo-
kines involved in adaptive immunity [7].

Because a wide variety of pro-inflammatory cytokines play a
role in the development of RA, it might be valuable to design a
novel class of inhibitors targeting proteins at the crossroad of
multiple pathways relevant to this pathology. Among the potential
proteins, NIK certainly represents an attractive candidate since it is
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Fig. 1. Classical (yellow) and alternative (orange) NF-kB activation pathways.

involved downstream of many TNFR like CD40, RANK or LT3R
involved in the pathogenesis of RA.

According to our knowledge, presently only one series of
compounds has been claimed as NIK inhibitors. These are
characterized by a pyrazolo[4,3-c]isoquinoline ring substituted
in position 1, 3, 5, 7 and 9 (Fig. 2) [13]. Most of the chemical
modifications around the pyrazolo[4,3-c]isoquinoline template
involved the introduction of bulky, lipophilic groups such as
phenyl, trifluoromethylphenyl, pyridine or pentafluorophenyl in
the 5-position and introduction of small lipophilic groups like a
methyl or a trifluoromethyl in the 1- and 5-positions. Unfortu-
nately, poor information was given in the original patent relating
to their biological evaluation. For instance, the claimed NIK
inhibitory potency is only based on a whole cellular assay in
presence of some derivatives. No data on isolated NIK enzyme are
available.

At a structural point of view, the 3D-structure of NIK has not yet
been elucidated. The NIK amino acid sequence is comprised of 947
residues with a kinase domain containing 256 residues (400 to
655). Thus, the absence of any 3D-structure of this enzyme
hindered the discovery of novel NIK inhibitors.

In this work, we aimed to build a 3D-model of NIK and to study
the binding of the reported pyrazolo[4,3-c]isoquinolines with a
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Fig. 2. Chemical structure of the pyrazolo[4,3-c]isoquinoline scaffold reported by
Flohr as NIK inhibitors [13].

view to highlight the structural elements responsible for their
inhibitory potency. This would help us to subsequently search for
novel and more potent inhibitors of this enzyme using the
gathered information.

However, in the course of this work, we unexpectedly found
that the pyrazolo[4,3-c]isoquinolines initially reported as NIK
inhibitors were neither inhibitors of this enzyme nor of the
alternative NF-kB pathway, but were in fact inhibitors of another
kinase, the TGF-3 activated kinase 1 (TAK1) which is involved in
the classical NF-kB pathway. This was confirmed by the re-
synthesis and the enzymatic evaluation of representative pyr-
azolo[4,3-c]isoquinolines. These results strongly suggesting a
completely different mechanism of action for the pyrazolo[4,3-
clisoquinolines in modulating the NF-kB pathway, and allow to
review the state-of-the-art of NIK inhibitors and should without
any doubt be of value for scientists working in this field.

2. Material and methods
2.1. Homology modeling

The human M3K14 (NIK) sequence was obtained from the
Swiss-Prot database (primary accession number Q99558). Se-
quence alignment was performed using BLASTP [14], through the
Protein Data Bank (BLOSUMG62 matrix) [15]. The human PAK1 (PDB
code 1TYHW_A) was selected as the most appropriate template, and
amino acid sequences were then aligned by means of the
ESyPred3D program [16]. Quality of the model has been analysed
by means of PDBsum server, and the Ramachandran plot is
available in supporting information [17]. To take into account
protein flexibility, the resulting model was minimized using the
MINIMIZE module included in SYBYL 8.0 program [18].

2.2. Docking simulations

Compounds 6a-s were built using the SKETCH module, as
implemented in SYBYL (version 8.0) [18], and their geometry was
optimized using MINIMIZE module. The minimization process uses
POWELL method with the TRIPOS force field (dielectric constant 1r)
to reach a final convergence of 0.01 kcal mol~'. Docking simulation
was then performed into the homology model of the human kinase
NIK with the automated GOLD program. The active site was defined
including all residues in a volume of 7 A around 3-OH-stauros-
porine superimposed onto the model of NIK.

A similar procedure was used to dock 6d inside the TAK1
binding cleft using the 3D-coordinates obtained from X-ray
diffractions [19]. In the case of TAK1, the active site was defined
by a sphere of 15 A around residue A107 in the active site.

2.3. Chemistry

TH NMR spectra were recorded at 20 °C in CDCl; or DMSO-dg on
a 400 MHz Jeol Spectrometer (Jeol JNM EX-400). Chemical shifts
are reported in & ppm relative to tetramethylsilane (TMS) as a
singlet at Oppm (&8). Thin-layer chromatography (TLC) was
performed on aluminum supported 0.25 mm silica gel plates
(Merck 5719, 250 meshes). TLC plates were visualized under
254 nm and 320 nm UV light. Elemental analyses (C, H, N) were
performed on a Thermo Finnigan FlashEA 1112 apparatus. Mass
spectra were recorded on an 1100 series MSD Trap spectrometer
equipped with an electrospray ionization (ESI) source. Flash
chromatography purifications were performed on a Biotage SP1
Purification System using silica or C18 Biotage FLASH+® Car-
tridges. Microwave assisted reactions were performed using an
Initiator 16 Single-mode Microwave system producing a
2.450 GHz controlled irradiation (Biotage AB, Uppsala). The
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temperature was measured with an IR sensor on the outside of the
reaction vial.

The purity of compounds 6a-d was also verified by LC on an
Agilent 1100 series system. System control, data collection and data
processing were accomplished using ChemStation software (Agilent
Technologies, Santa Clara). The mobile phase contained acetonitrile
and acetic acid (0.1%). Compounds were detected and their purity
was calculated using a UV detector (wavelength: 240 nm). Two
different methods were used to analyse the reported compounds.
Method 1: injection volume = 3 L in acetonitrile; gradient elution
from 5% to 95% of acetonitrile over 2.4 min, then 95% acetonitrile
until 3.6 min; analytical column C8 Zorbax Eclipse Plus
(4.6 mm x 50 mm, 1.8 wm particle size); flowrate = 1.25 mL min™;
1; temperature =40 °C. Method 2: injection volume=5 pL in
acetonitrile; gradient elution from 5% to 95% of acetonitrile over
4.5 min, then 95% acetonitrile until 8.0 min; analytical column C18
Zorbax SB column (3.0 mm x 100 mm, 3.5 uwm particle size);
flowrate = 0.5 mLmin~'; temperature =40 °C. Retention times

were reported as Rt; and Rt; for these two methods respectively.

2.3.1. 1,3-Diphenyl-propane-1,2,3-trione 2-oxime 2b

240 mg (3.46 mmol) of sodium nitrite were dissolved in water
(2 mL) and added dropwise to a solution of 130 mg (0.58 mmol) of
dibenzoylmethane 1b diluted into acetic acid (10 mL). At room
temperature, the solution was stirred for 1 h. The reaction mixture
was extracted three times with diethyl ether (20 mL). The organic
layers were combined and washed with a saturated aqueous
solution of sodium bicarbonate (30 mL). Solvents were evaporated
under reduced pressure, and the crude product purified by flash
chromatography to give the title compound (Silica column; Eluant
AcOEt: cyclohexane with gradient from 8% to 30% of AcOEt over
30 min; Flowrate 40 mL min~!). Yield: 81%. 'H RMN (DMSO-dg,
400 MHz): § = 7.52-7.58 (m, 4H, Ha;om), 7.68 (t, 2H, Harom), 7.82 (d,
2H, Harom), 7.99 (d, 2H, Harom). Anal. Calcul. for C;sH;{NOs: C,
71.14; H,4.38; N, 5.53. Found: C, 71.29; H, 4.62; N, 5.23. m/z 254.0
[M +H]", 276.1 [M + Na]*

2.3.2. 4-Amino-3-methyl-5-phenyl-1H-pyrazole 3a

At 0°C, hydrazine hydrate (0.18 mL, 3.70 mmol) was added
dropwise to a solution of 1-phenylbutane-1,2,3-trione-2-oxime 2a
(0,37 mmol) in ethanol (4 mL). Then, the mixture was stirred for
7 h at room temperature. Solvents were removed under reduced
pressure and the crude product diluted in ethyl acetate (10 mL).
The solution was acidified by HCI 3N (15 mL) and the organic layer
discarded. The aqueous layer was neutralized by NaOH 1N (50 mL)
and extracted with ethyl acetate (3 x 20 mL). The organic layers
were combined, dried, and the solvent evaporated under reduced
pressure. The crude product was purified by flash chromatography
(Silica column; eluant: AcOEt:cyclohexane from 20% to 100% of
AcOEt over 45 min; flowrate: 40 mL min~!). Yield: 86%. 'H RMN
(CDCl3, 400 MHz): § = 2.37 (s, 3H, CH3), 7.31 (t, 1H, Harom), 742 (t,
2H, Harom), 7.61 (d, 2H, Harom)- Anal. Calcul. for CoH;1N3: C, 69.34;
H, 6.40; N, 24.26. Found: C, 69.30; H, 6.14; N, 23.56. m/z 174.1
[M +H]".

2.3.3. 4-Amino-3,5-diphenyl-1H-pyrazole 3b

The title compound was synthesized with the same procedure
than that used for 3a. Yield: 88%. 'H RMN (CDCl;, 400 MHz):
8=7.25(t, 2H, Harom), 7.48 (t, 4H, Harom), 7.68 (d, 4H, Harom). Anal.
Calcul. for C;5sH3N3: C, 76.57; H,5.57; N, 17.86. Found: C, 76.27; H,
5.65; N, 17.62. m/z 236.2 [M + H]".

2.3.4. 4-Benzamido-3,5-diphenyl-1H-pyrazole 5a

Benzoic acid 4a (92.6 mmol), hydroxybenzotriazole (HOBt;
185 mmol) and N-(3-dimethylaminopropyl)-N-ethylcarbodii-
mide (DEC; 79.5 mmol) were added to 4-amino-3,5-diphenyl-

1H-pyrazole 3b (92.6 mmol) diluted in dichloromethane
(30 mL). Two drops of BMimpFg were added, and the mixture
was heated in the microwave oven for 1 h (70 °C). Then, water
(20 mL) was added and the mixture extracted by ethyl acetate
(3 x 20 mL). The organic layers were combined, dried, and the
solvent evaporated under reduced pressure. The crude product
was purified by flash chromatography (Silica column; Eluant:
AcOEt:cyclohexane from 20% to 71% of AcOEt over 40 min;
flowrate: 40 mL min~!). Yield: 60% 'H RMN (CDCls, 400 MHz):
§=7.28-7.46 (m, 6H, Harom), 749 (t, J= 7.3 Hz, 2H, Harom), 7.56
(t, J=7.3 Hz, 1H, Harom), 7.64 (d, J = 6.3 Hz, 2H, Harom), 7.72 (d,
J=6.3Hz, 2H, Harom), 7.92 (d, J = 7.3 Hz, 2H, Harom), 9.96 (s, 1H,
HNamide)- Anal. Calcul. for C;5,H;7N30-H,0: C, 73.93; H, 5.36; N,
11.76. Found: C, 74.03; H, 5.13; N, 11.42. m/z 340.2 [M + H]",
362.2 [M + Nal*.

2.3.5. 4-(3-Methoxybenzamido)-3,5-diphenyl-1H-pyrazole 5b

The title compound was synthesized from 3-methoxybenzoic
acid 4b and 4-amino-3,5-diphenyl-1H-pyrazole 3b as starting
material, and according to the same procedure than that described
for 5a. Yield: 60%. '"H RMN (DMSO-dg, 400 MHz): § =3.77 (s, 3H,
OCHs),7.12(d,] = 8.2 Hz, 1H, Harom), 7.26-7.45 (m, 8H, Harom), 7.52
(d, J=7.3 Hz, 1H, Harom), 7.64 (d, J=7.3 Hz, 2H, Harom), 7.72 (d,
J=7.3 Hz, 2H, Harom), 9.94 (s, 1H, HN). Anal. Calcul. for C;3H,7N30:
C, 78.61; H, 4.88; N, 11.96; C, 78.04; H, 5.19; N, 11.58. m/z 369.2
[M +H]", 391.3 [M + Na]".

2.3.6. 4-(3-Methoxybenzamido)3-methyl-5-phenyl-1H-pyrazole 5c

The title compound was synthesized from 3-methoxybenzoic
acid 4b and 4-amino-3-methyl-5-phenyl-1H-pyrazole 3a as
starting material, and according to the same procedure than that
described for 5a. Yield: 57%. "H RMN (DMSO-dg, 400 MHz): § = 2.08
(s,3H, CHs), 3.78 (s, 3H, OCH3), 7.12 (d,J = 8.2 Hz, 1H, Harom), 7.22—
7.41 (m, 4H, Harom), 749 (s, 1H, Harom), 7.54 (d, J=7.5Hz, 1H,
Harom), 7.6-7.7 (m, 2H, Haom), 9.69 (s, 1H, HN). Anal. Calcul. for
Cy18H17N30,: C,70,34; H, 5,58; N, 13,67. Found: C, 70,51; H, 5,35; N,
13,36. m/z 308.2 [M + H]".

2.3.7. 4-Benzamido-3-methyl-5-phenyl-1H-pyrazole 5d

The title compound was synthesized from benzoic acid 4a and
4-amino-3-methyl-5-phenyl-1H-pyrazole 3a as starting material,
and according to the same procedure than that described for 5a.
Yield: 75%. 'H RMN (CDCls, 400 MHz): § = 2.26 (s, 3H, CH3), 7.34-
7.51 (m, 6H, Harom), 7.61 (d, ] = 8.2 Hz, 2H, Haom), 7.71 (d, ] = 7.5 Hz,
1H, Hirom), 7.83 (d, J=8.2Hz, 1H, Haiom). Anal. Calcul. for
Cy7H15N30-1/2H,0: C, 71.31; H, 5.63; N, 14.68. Found: C, 72.07;
H, 5.33; N, 14.53. m/z 278.1 [M + HJ".

2.3.8. 3,5-Diphenyl-1H-pyrazolo[4,3-c]isoquinoline 6a

4-Benzamido-3,5-diphenyl-1H-pyrazole 5a (0.36 mmol) and
phosphorus pentoxyde (3.60 mmol) were suspended in dry
chlorobenzene (10 mL) and N,N-diethylaniline (0.36 mmol). Under
argon atmosphere, the mixture was warmed up to 120 °C and
phosphorus oxychloride (0.54 mmol) was added dropwise. The
temperature was maintained for 24 h. At the end, a saturated
solution of sodium bicarbonate (10 mL) was carefully added, and
the mixture was extracted by dichloromethane (3 x 20 mL). The
organic layers were combined, dried on magnesium sulfate and the
solvent was evaporated under reduced pressure. The crude
product was purified by preparative HPLC (C18 column and
isocratic mobile phase MeCN: AcOH 0.1% 50:50) to give the title
compound 6a. Yield: 2%. m/z 340.2 [M + H]", 362.2 [M + Na]". 'H
RMN (CDCl3, 400 MHz): § =7.35 (t, J=7.5, 1H, Harom), 7.46-7.71
(m, 9H, Harom), 7.97 (t,] = 8.2 Hz, 1H, Harom), 8.04 (d, ] = 7.5 Hz, 1H,
Harom), 8.51(d,J = Hz, 2H, Harom). Rty = 3.35 min; Rt; = 7.49 minm|z
352.2 [M +HJ".
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2.3.9. 5-(3-Methoxyphenyl)-3-phenyl-1H-pyrazolo[4,3-
clisoquinoline 6b

The title compound was synthesized from 4-(3-methoxyben-
zamido)-3,5-diphenyl-1H-pyrazole 5b as starting material and
according to the procedure described for compound 6a. Yield: 7%.
TH RMN (CDCls, 400 MHz): 8=3.81(s, 3H, OCH3), 7.11 (dd,
J1=2.2Hz, J, =8.1 Hz, 1H, Harom), 7.20-7.24 (m, 1H, Harom), 7.21
(d, J; = 2.2 Hz, 1H, Harom), 7.35 (t, ] = 7.3 Hz, 1H, Harom), 7.46-7.50
(m, 3H, Harom), 7.70 (t,J = 7.7 Hz, 1H, Harom), 7.95 (t,J = 7.7 Hz, 1H,
Harom) 8.06 (d, J=8.4Hz, 1H, Harom), 8.52-8.50 (m, 3H, Harom)-
Rty =3.30 min; Rt, = 7.38 min m/z 352.2 [M + H]J".

2.3.10. 5-(3-Methoxyphenyl)-3-methyl-1H-pyrazolo[4,3-
clisoquinoline 6¢

The title compound was obtained from 4-(3-methoxybenza-
mido)-3-methyl-5-phenyl-1H-pyrazole 5¢ as starting material and
according to the procedure described for compound 6a. Yield: 6%.
TH RMN (CDCl3, 400 MHz): § = 2.76 (s, 3H, CH3), 3.87 (s, 3H, OCH3),
7.03 (d, J=10.8 Hz, 1H, Harom), 7.21-7.28 (m, 2H, Harom), 7.44 (t,
J=12.1Hz, 1H, Harom), 7.59 (t, J=10.8 Hz, 1H, Harom), 7.81 (t,
J=10.8 Hz, 1H, Haom), 8.13 (d, J=12.1 Hz, 1H, Haom), 8.22 (d,
J=12.1Hz, 1H, Harom). Rt; =2.78 min; Rt; =6.15 min. m/z 289.3
[M +H]".

2.3.11. 3-Methyl-5-phenyl-1H-pyrazolo[4,3-c]isoquinoline 6d

The title compound was synthesized from 4-benzamido-3-
methyl-5-phenyl-1H-pyrazole 5d as starting material and accord-
ing to the procedure described for compound 6a. Yield: 13%. 'H
RMN (CDCl3, 400 MHz): § =2.76 (s, 3H, CH3), 7.51-7.60 (m, 4H,
Harom), 7.68 (d, J = 7.5 Hz, 2H, Harom), 7.78 (t, ] = 7.5 Hz, 1H, Harom),
8.10 (d, J=8.5Hz, 1H, Haiom), 8.22 (d, J=7.5Hz, 1H, Hairom)-
Rty =2.78 min; Rt; = 6.15 min. m/z 260.1 [M + H]".

2.4. NIK enzymatic assay

This experiment was performed by ProQinase using 33PanQi-
nase®™ technology [31]. Inhibitory potency of staurosporine and
molecules 6a-d were evaluated on human recombinant NIK.
DMSO was used as cosolvent and its final concentration was 1%.
NIK was expressed in Sf9 insect cells as human recombinant GST-
fusion protein. The kinase was purified by affinity chromatography
using GSH-agarose. The purity of the kinase was checked by SDS-
PAGE/silver staining and the identity was verified by mass
spectroscopy. The NIK activity was measured as the incorporation
on an artificial substrate of 3P produced by hydrolysis of [y->>P]-
ATP. The substrate (RBER-CHKtide) was an artificial fusion protein
expressed in Escherichia coli. It was consisting of a N-terminal GST-
tag separated by a thrombin cleavage site from a fragment of the
human retinoblastoma protein RB1, amino acids S773-K928
followed by 11 Arg residues (ER) and a peptide sequence
KKKVRSGLYRSPSMPENLNRPR (CHKtide).

2.5. Alternative pathway assay

Human LTBR-positive HeLa cells have been used to evaluate the
NIK inhibitory potency expressed as the inhibition of the
processing of p100 into p52. Briefly, HeLa cells were cultured in
DMEM with 10% FBS and plated in 6 well plates until they reach
80% of confluence. The cells were washed twice with PBS and
incubated for 2 h with Opimem-1 containing 10, 20 or 50 .M of
inhibitors. DMSO was used as cosolvent at a maximal concentra-
tion of 0.5% (v/v). At this concentration, DMSO has no effect. Then,
an antibody acting as agonist of human LT3R (R&D Systems, Inc.)
was added for 5 h. Afterwards, the cells were washed twice with
PBS and lysed in SDS 0.5% containing a cocktail of protease and
phosphatase inhibitors (Complete and PhosStop, Roche). Protein

extracts were quantified (Micro BCA protein kit assay, Pierce) and
equal amounts of protein (15 .g) were loaded on SDS-PAGE for
analyzing the processing of p100 into p52. For detecting p100 and
P52, an antibody anti-human p52 (Upstate Cell Signaling 05-361)
was used and a goat anti-mouse HRP (DAKO) was used as
secondary antibody prior to measurement of the signal by
chemiluminescence using the ECL kit from Pierce.

2.6. Multikinase assay

KinaseProfiler™

protocole.

is a millipore technology using standard

2.7. TAK1 enzymatic assay

This experiment was performed by Invitrogen using LanthaSc-
reen® Kinase Binding Assay technology [32]. The test compounds
were screened in 1% DMSO as final concentration. 3-fold serial
dilutions were conducted from the starting concentration. All
kinase/antibody mixtures were diluted to a 2x working concen-
tration in the appropriate kinase buffer. The 4x AlexaFluor®
labeled tracer was prepared in kinase buffer and the read out was
on fluorescence plate reader.

2.8. Classical pathway assay

HelLa cells were cultured in DMEM with 10% FBS and plated in 6
well plates until they reach 80% of confluence. The cells were
washed twice with PBS and incubated for 2 h with Opimem-1
containing 50 .M of inhibitor or DMSO alone. Then, TNF-a (Pepro
Tech Inc.) was added at 100 U/mL for 0, 1 or 2 h. Total RNA samples
were isolated with the Tripure reagent (Roche Molecular
Biochemicals). One microgram of RNA was submitted to reverse
transcription using M-MLV reverse transcriptase and random
primers (Invitrogen) in a total volume of 20 p.L. Two microliters of
cDNA were submitted to real-time PCR using TagMan 7000 SDS
(Applied Biosystems) and SYBR Green detection (Eurogentec). The
results were normalized with the 18S transcript. PCR was
performed with the following primers for the following human
transcript: il-6: FW 5'-CCAGGAGCCCAGCTATGAAC-3’ and RV 5'-
CCCAGGGAGAAGGCAACTG-3, TNFa: FW 5-GGAGAAGGGTGACC-
GACTCA-3' and RV 5'-TGCCCAGACTCGGCAAAG-3' and 18S: FW 5'-
AACTTTCGATGGTAGTCGCCG-3' and RV 5-CCTTGGATGTGG-
TAGCCGTTT-3.

3. Results
3.1. Building of a 3D-model of NIK

Since no experimentally-derived structural data for NIK were
reported to date, a molecular model of this enzyme was first
developed using comparative modeling. This technique comprises
four main steps: (i) identification of a template, i.e. a protein of
known 3D-structure that shares sequence homology with the
target protein, (ii) alignment of the sequences of the target and
template, (iii) building and optimization of the 3D-model and
finally, (iv) quality assessment of the resulting structure. Following
a BLASTP alignment, we identified the protein PAK1 (p21 activated
kinase 1; PDB code: 1TYHW_A) [20] as the best template. This
protein shares 30% sequence identity and up to 48% sequence
homology (similar residues) with NIK. As the target/template
alignment step is known to be critical to the quality of the models,
we used the automated homology program ESyPred3D [16]. This
performs a consensus alignment between the sequences of the
target, the template and other homologous proteins with the help
of several different alignment algorithms and then uses MODELLER
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[21] to generate the 3D-coordinates. The overall quality of the
resulting models was finally evaluated using different methods.
Ramachandran plots (available as Supporting Information) proved
to be very satisfactory with 90.2% residues located in the most
favored regions, 7.3% in the allowed regions, only four residues
(1.6%) in the generously allowed regions (Phi and Psi torsion angles
slightly larger than usual) and two residues in the disallowed
regions (unfavorable Phi and Psi torsion angles). It should be noted
that these six residues (Q484, T401, Y391, E395, D544 and S572)
are located far from the active site and the hinge region.

A superimposition of NIK with PAK1 (Fig. 3) shows that the
overall folding pattern ([3-sheets, helices and main loops) is well
preserved. The ATP-binding site region is also highly preserved.
First, active site residues common to all serine-threonine kinases
were identified. In the NIK structure, M469, which corresponds to
M344 in PAK1, was identified as the gatekeeper (gk) residue. It is
one of the essential residues in the ATP-binding site. Indeed, the
nature of the gatekeeper (size and volume of the side-chain) is
variable from one kinase to another, thus dictating the access to a
specific pocket of the ATP-binding site (specificity pocket). Then,
residues E470 (gk+1) and L472 (gk+ 3) which correspond to
residues E345 and L347 in PAK1, were respectively identified in the
hinge region [22]. These two residues are responsible for the
stabilization of the adenine moiety of ATP. In the co-crystal
structure of the complex between PAK1 and 3-OH-staurosporine
(PDB code 2HY8), both residues are involved in the stabilization of
the aromatic ring of 3-OH-staurosporine. Finally, in the back of the
active site cavity, a salt bridge between residues K429 and E440
corresponding to the salt bridge between R299 and E315 in PAK1 is
also highly preserved.

The catalytic pocket of NIK was refined by minimization to take
into account the protein flexibility. The position of the side-chains
of the residues located 20 A around L472 were minimized by mean
of the MINIMIZE module as implemented in SYBYL 8.0 [18].

To appraise the reliability of our model, the binding of the
previously reported pyrazolo[4,3-c]isoquinolines was studied
within the modeled active site. Staurosporine, which is known
as a pankinase inhibitor including NIK [24] was also studied in our
model. At a structural point of view, staurosporine is far from the
template of the synthesized pyrazolo[4,3-c]isoquinolines.

3.2. Docking of pyrazolo[4,3-c]isoquinolines into the 3D-model of NIK

The pyrazolo[4,3-c]isoquinolines 6a-s (Table 1) and stauros-
porine were docked inside the ATP-binding site of NIK using the
automated GOLD program [25]. For each molecule, 20 conforma-
tions were generated and further evaluated following two

parameters: (i) the number of different orientations adopted by
one molecule inside the NIK binding cleft and (ii) the number of
different orientations where the compound is found to be
stabilized with at least one H-bond with the residue L472 in the
hinge region.

Interestingly, staurosporine fits perfectly the catalytic pocket,
adopting a similar binding orientation as observed for 3-OH-
staurosporine in PAK1 (Fig. 3). All of the 20 conformations
generated lie in the same orientation with two H-bonds between
the lactam ring of staurosporine and the NH and CO moieties of
L472 and E470, respectively, stabilizing the moiety (Fig. 4a and b).
In addition, hydrophobic interactions with aliphatic residues L406,
V414, A427, 1522 and C533 (not shown here for clarity) also
contribute to the stabilization on both sides of the aromatic plane.

Conversely, when pyrazolo[4,3-c]isoquinolines 6a-s are docked
inside the ATP-binding site of NIK, several different orientations
(2-6) were observed for each compound (Table 1), except for 6f
and 6r for which a unique binding orientation of the pyrazolo[4,3-
clisoquinoline motif was found. But these two compounds did not
interact with L472 through an H-bound as requested. In addition,
in some cases, the inhibitor is not stabilized through H-bond
interaction(s) with the hinge region residue L472. This interaction
was however shown to be critical for kinase inhibition [22]. To see
if an unique orientation could be highlighted, compounds 6a-s
were docked again inside the NIK binding cleft imposing a H-bond
between the NH of L472 and one acceptor atom of the ligand. By
doing so, two orientations (orientation 1 and orientation 2) were
found as illustrated in Fig. 4 using compound 6d as an example
(Fig. 4c and d for orientation 1, and Fig. 4e and f for orientation 2).
Although in both orientations the pyrazolo[4,3-c]isoquinoline
scaffold is well stabilized by two H-bonds in the hinge region (as
expected following a constraint docking), none of these two
orientations seems more plausible than the other or would allow a
better understanding of the structure-activity relationships in this
series. Thus, this docking study does not allow to highlight an
unique, obvious orientation of compounds 6a-s into the NIK
binding cavity.

Based on these observations, different hypothesis could be
suggested: (i) although staurosporine, a true NIK inhibitor
(discussed later), fits perfectly its active site, the 3D-model of
NIK is not reliable, (ii) the pyrazolo[4,3-c]isoquinolines 6a-s are
effectively NIK inhibitors but through a different mechanism of
inhibition, for instance through interaction with an allosteric site
or (iii) the pyrazolo[4,3-c]isoquinolines are devoid of NIK
inhibitory potency. To assess this assumption, some representative
pyrazolo[4,3-c]isoquinolines (6a-d) were synthesized and their
NIK inhibitory potency evaluated on isolated human recombinant

Fig. 3. (a) Superimposition of PAK1 (cyan) with 3-OH-staurosporine (yellow) and NIK (blue) and (b) view of NIK with main active site residues in cyan. Pictures made using

PYMOL [23].
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Table 1
Structure and docking results for the pyrazolo[4,3-c]isoquinolines 6a-s.
Cmpd R, Ry R3 Rs Rs Docking
Number of Number of different
different orientations with
orientations H-bond with L472
Staurosporine 1 1
6a @ é H H H 4 1
H H H 6 2
6b
OMe
6¢ Me @\ H H H 2 0
OMe
6d Me é H H H 2 0
6e Me i; H H H 3 0
CFs,
6f Me @\ H H Me 1 0
CF3
N~ |
6g CF H H H 2 0
: N
F. F
6h Me H H Me 2 1
6i Me @ H COOMe H 4 2
N -
6j Me | H COOMe H 3 2
N
(SN
6k Me _ H H Me 3 0
N e
6l Me | H NMe, H 2 0
N
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Table 1 (Continued)

Cmpd Ry Ry R3 R4 Rs Docking
Number of Number of different
different orientations with
orientations H-bond with L472
6m Me @ CF; H H 2 1
N el
6n Me | CF; H H 4 2
.
F. F
60 Me H H H 4 1
F F
F
6p Me © H NMe, H 3 2
CF3
6q Me H H H 4 1
6r Me @\ H H H 1 0
CF,
6s Me CH,OMe H H H 5 1

enzyme as well as on Hela cells where the NF-kB alternative
pathway was induced.

3.3. Chemistry

The pyrazolo[4,3-c]isoquinolines 6a-d were synthesized in four
steps (Scheme 1). Starting from the commercially available
diketones 1a-b, oximes 2a-b were prepared with a high yield
by reaction of sodium nitrite in acidic conditions [26]. The oximes
2a-b further reacted with hydrazine hydrate to form pyrazoles 3a-
b [26,27]. Then, benzoic acids 4a-b activated by HOBT/DEC were
condensed on pyrazoles 3a-b to form the corresponding amides
5a-d. Finally, the desired pyrazolo[4,3-c]isoquinolines 6a-d
(Table 1) were obtained according to the Pictet-Gams reaction
in poor yields due to the formation of several side products during
the reaction (Scheme 1) [28].

3.4. Biological evaluation

The NIK inhibitory potency of the prepared pyrazolo[4,3-
clisoquinolines (6a-d) was evaluated in two enzymatic systems (i)
isolated human recombinant NIK and (ii) cultured HeLa cells where
the alternative NF-kB pathway was induced by an LT3R agonist
antibody.

3.4.1. Human recombinant NIK inhibition

A radiometric protein kinase assay was used to measure the
residual activity of NIK in presence of the synthesized inhibitors at
a single concentration of 10 WM. Briefly, NIK was expressed in Sf9

insect cells as human recombinant GST-fusion protein and purified
by affinity chromatography using GSH-agarose. The substrate, a
recombinant protein kinase (RBER-CHKtide) was also expressed in
E.coli. The assay cocktails were incubated at 30 °C for 60 min with
['y->3P]-ATP (1 wM, pH 7.5). Incorporation of 3P was measured
with a microplate scintillation counter. Staurosporine was chosen
as Ref. [24].

Although the inhibition of NIK in the presence of staurosporine
was >70%, none of the pyrazoloisoquinolines 6a-d significantly
reduced NIK activity at 10 wM (Table 2). This corroborates the
modeling study and demonstrates that the pyrazolo[4,3-c]iso-
quinolines 6a-d are not NIK inhibitors.

To confirm that these molecules could not inhibit other proteins
of the NF-kB alternative pathway, their inhibition property was
then investigated in a cellular assay where the alternative pathway
is solely involved.

3.4.2. NF-«B alternative pathway inhibition

Briefly, pyrazolo[4,3-c]isoquinolines 6a-d were assayed using
carcinoma HeLa cells expressing LTBR. The NF-«kB alternative
pathway was induced or not by an LT3R agonist antibody. After
induction, NIK was overexpressed and the processing of p100 into
p52 was triggered by phosphorylation of IKK« (Fig. 1). The p100/
p52 ratio was finally analysed by Western blot. DMSO, used as
cosolvent, has no effect. The results are reported on Fig. 5.

Staurosporine which strongly inhibit isolated human recombi-
nant NIK also blocks this pathway (Fig. 5). Here again, none of the
pyrazolo[4,3-c]isoquinolines 6a-d inhibited the NF-kB alternative
pathway. In fact, the processing of p100 into p52 was observed in
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Fig. 4. (a) All of the 20 conformations obtained for staurosporine; (b) view of staurosporine in the active site cavity of NIK illustrated with the Connolly surface; (c and d) view
of 6d in the orientation 1 and (e and f) view of 6d in the orientation 2 inside the NIK binding cleft. Pictures made using PYMOL [23].

the presence (+) and in the absence (—) of 6a-d whatever the
concentration of the inhibitor used (10, 20 or 50 wM). On the
contrary to the claims of the original patent, the pyrazolo[4,3-
clisoquinolines 6a-d cannot be considered as NIK inhibitors
neither as blockers of the NF-kB alternative pathway.

3.4.3. Multikinase assay

With the aim to identify the putative target of the
pyrazolo[4,3-c]isoquinolines, a multikinase screening assay
was performed. The pyrazolo[4,3-c]isoquinoline 6d was selected
to carry out this study. The inhibitory properties of 6d were thus
evaluated on a panel of 263 kinases (Millipore KinaseProfiler™)
at 10 WM.

As a result, an inhibition of at least 50% was observed for 92
kinases over the 263 kinases assayed (data not shown). Interest-
ingly, among these, 6d particularly decreased (70%) the activity of
TAK1, the TGF-3-activated kinase which is involved in the classical
NF-kB pathway (see Fig. 1).

3.4.4. TAK1 inhibition

Following this result, the TAK1 dose-inhibitory potency of
compounds 6a-d were evaluated using an Invitrogen Lanthasc-
reen®™ Eu Kinase Binding Assay [32]. Briefly, this assay is based on
the detection of the binding of a “tracer” to a kinase by addition of a
Eu-labeled anti-tag antibody. Binding of the tracer and antibody to
a kinase results in a high degree of FRET, whereas displacement of
the tracer with a kinase inhibitor results in a loss of FRET. The
results are reported in Table 3.

As expected, staurosporine, the reference inhibitor in this assay,
strongly inhibits TAK1 with an ICso of 0.021 wM. From the four
compounds analysed, only two, 6¢ and 6d, effectively inhibit TAK1
with an ICso value of 0.58 and 2.1 pM, respectively, whereas no
inhibition was observed at maximum solubility for 6a and 6b.

As the 3D-coordinates of TAK1 were recently available (PDB
code 2EVA), [19] the molecular interactions stabilizing 6¢ and 6d
inside the TAK1 cavity were analysed with a view to identify the
structural elements required for their inhibitory potency.
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Scheme 1. Synthesis of pyrazolo[4,3-c]isoquinolines.

Table 2

Inhibition of NIK in presence of pyrazolo[4,3-c]isoquinolines 6a-d at 10 wM. Results
are mean of 3 experiments.

Table 3

ICso of pyrazolo[4,3-c]isoquinolines 6a-d against TAK1 (N.I=no inhibition at
maximum solubility).

Cmpd NIK inhibition Cmpd TAK1 ICs0 (M)
Staurosporine 72% Staurosporine 0.021
6a 6% 6a N.L
6b 0% 6b N.I.
6¢ 18% 6¢ 0.58
6d 2% 6d 2.1
6a 6b
o 0O
£§8 333 958 s 53
~ g g 8§ & 8 s 5 D-‘.l 3 Q:l
9 W ~ 949 & & &
- - o+ - 4+ + LTBR AGO LTBR AGO__-__. T T
— —— A v— | 100 PlO0| w—— e e
A— --._.--1[)52 P52 — — v — —
staurosporine
o 0O
» b = S =
S S && &
~ Q Q9 9 a0 0=
- - 4+ - 4 4 LTBR AGO
. — — — — p100
6c —— N ——— 152 6d
O O
gess s 883583 3
\QQ‘OH?N QQ@Q‘%SM
= - 4+ - + + LTBRAGO LTBR AGO - + + + + + +
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Fig. 5. Processing of p100 into p52 from Hela cells expressing LTBR stimulated by an LTBR agonist antibody (AGO). Cells were incubated in absence or in presence of
pyrazolo[4,3-c]isoquinolines 6a-d or with staurosporine. DMSO has no effect.
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1471

Fig. 6. Molecular interactions between (a) 6d with stick representation, (b) 6d and (c) 6a with sphere representation in the hinge region of TAK1. Pictures made using PYMOL

[23].
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Fig. 7. Normalized TNFa and IL-6 mRNA-levels induced by TNFa (100 U/mL) in absence or in presence of TAK1 inhibitor 6¢ (50 puM). Measurements were conducted 1 h and
2 h following TNFa addition. TNFa and IL-6 mRNA-levels prior to TNFa addition (CTRL) are considered as 1. Mean =+ s.d.

When 6¢ or 6d are docked inside the TAK1 binding cleft, all of
the 20 conformations adopt the same orientation with the
pyrazolo[4,3-c]isoquinoline deeply inserted in the cavity and the
Ri-methyl (see Fig. 1) pointing towards the entrance of the active
site (Fig. 6a). Both compounds are stabilized by (i) two H-bonds
with residues E105 and A107 in the hinge region and (ii)
hydrophobic interactions with residues V50, A61 and L163
(Fig. 6a and b). Indeed, 6¢ and 6d fits perfectly the TAK1 ATP-
binding site.

Interestingly, the inactivity of compounds 6a and 6b might be
explained by a steric clash between the phenyl group in position R,
of the pyrazolo[4,3-c]isoquinoline ring and the residue Y106 of
TAK1 (Fig. 6¢).

This study thus suggest that pyrazolo[4,3-c]isoquinoline are
TAK1 inhibitors, at least when they are substituted in position R,
by a methyl group (6¢c-s). When this methyl is replaced by bulkier
group such as a phenyl (6a-b), the steric hindrance certainly
prevents the compounds to bind TAK1.

3.4.5. NF-kB classical pathway inhibition

Briefly, 6¢ (50 M), the best TAK1 inhibitor (ICso = 0.58 M), was
assayed using carcinoma HeLa cells stimulated by TNFa. The NF-kB
classical pathway was induced by TNFa (100 U/mL), then the levels
of TNFa and IL-6 mRNA-levels were quantified in presence or in
absence of 6¢. As expected (Fig. 7), TNFa doubles the relative TNFo
mRNA-level 1 h (2.2-fold) and 2 h (1.9-fold) following induction,
whereas the induction in presence of 6¢ is only 0.77-fold and 0.65-
fold respectively. TNFa strongly increases the relative IL-6 mRNA-
level 1 h (3.7-fold) and 2 h (3.8-fold) after TNFa-induction. On the
contrary, the addition of 6¢ prevents an increase of the normalized
IL-6 mRNA-levels which are 0.5-fold and 0.7-fold when measured
1 h and 2 h after induction respectively.

4. Discussion and conclusions

The initial goal of this work was to build a 3D-model of NIK to
study a series of known pyrazolo[4,3-c]isoquinolines, claimed as NIK
inhibitors, [13] with a view to elucidate the required structural
elements for NIK inhibition. In the absence of any experimental
structural data on this enzyme, we built a 3D-model of NIK by using
comparative modeling techniques. The binding of known pyra-
zolo[4,3-c]isoquinolines was directly analysed in the putative active
site. Surprisingly, this study revealed a poor binding orientation of
the template inside the ATP-binding pocket of NIK. This suggested
either a poor inhibitory potency or an alternative mechanism of
inhibition. Based on the modeling results, we synthesized some
pyrazolo[4,3-clisoquinolines and characterized their inhibitory
activity in two tests involving NIK: (i) an isolated enzyme assay
using human recombinant NIK and (ii) a cellular assay where the
alternative NF-kB pathway only was involved. As a result, all
synthesized molecules were completely deprived of any significant
inhibition on both systems. On the contrary to the original patent,
this confirmed these compounds were neither inhibitor of NIK nor
even of the alternative NF-kB activation pathway. To elucidate the
potential target of these pyrazolo[4,3-c]isoquinolines, in modulat-
ing the NF-kB pathway, a multikinase screen was performed using
6d as example. This screening revealed interesting inhibition
properties of 6d for TAK1, a kinase which is involved in the classical
NF-kB activation pathway. This was further confirmed by determi-
nation of the inhibition (ICso) of 6a—-d vs. TAK1. By preventing the
increase of the TNFa and IL-6 mRNA-levels induced by TNFa, the
best TAK1 inhibitor 6¢ (ICs = 0.58 LM ) confirmed its ability to block
the classical NF-kB pathway.

Indeed, in the original patent, [13] the NIK inhibitory
potency claimed by Flohr was based on the ability of



1472 J. Mortier et al./Biochemical Pharmacology 79 (2010) 1462-1472

pyrazolo[4,3-c]isoquinolines to prevent TNFa and IL-6 release
from human peripheral blood lymphocytes after stimulation by
LPS or IL1[3. On the contrary, the present study demonstrated that
pyrazolo[4,3-c]isoquinolines are not NIK inhibitors but are likely
modulators of the classical NF-kB pathway through TAK1
inhibition. These results are of particular importance as they
allow to re-assess the mechanism of inhibition in this series.
Moreover it should be noted that recent results from Tang et al.
showed that conditional deletion of TAK1 in knockout mice led to
multiple organ defects during development and to death after 8-
10 days [29,30]. This suggests that inhibition of TAK1 is certainly
not advantageous.

Finally, this study led to a reliable 3D-model of NIK that could
be used to search for novel inhibitors of this enzyme.
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